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ABSTRACT 


Knowledge of the infrared spectral radiance of com¬ 
bustion flames is needed in various military applications of 
infrared techniques. In an effort to fill this need, infrared 
spectral emlttance and absorptance of flames were studied at 
various temperatures and for a variety of fuel-oxidizer combin¬ 
ations. Spectral emissivities were measured in the region 
1 '• 15-u^ as functions of fuel composition, flame temperature, 
and mixture ratio. Flame temperatures were determined from the 
Infrared emission and absorption spectra, for various wave¬ 
lengths. 


Methods of extrapolating flame radiance from labor¬ 
atory to field conditions were Investigated. For this purpose, 
the measurements of infrared flame spectra were correlated with 
concurrent analyses of molecular population distributions, 
transition probabilities, and spectral line shape and line width. 
A sample extrapolation was verified experimentally for a 
hydrogen-oxygen rocket engine, operating under simulated altitude 
conditions. 

Effects of altitude on the infrared radiation of flames 
were evaluated, with particular reference to the effects of 
reduced pressure on spectral line shape, and the applicability 
of theoretical infrared band models. 
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INFRARED RADIATION OF FLAMES 


I. INTRODUCTION 

% 


Reliable information on the infrared radiation .•'f 
ballistic missile plumes is needed in the development and design 
of infrared equipment for detection, identification, and tracking 
of missiles (1)*. To provide for long range capability in this 
area, infrared spectral data are required for a variety of fuels, 
fuel combinations, and combustion conditions which are represent¬ 
ative of c\u:*rent and future practice in ballistic missile 
propulsion { 2 ). 

The difficulties and limitations of field measurements 
of missile plume radiation are well known (l_). The opinion has 
often been expressed that much useful data on missile plume 
radiation can be obtained, at much less expense than open-air 
target studies, from laboratory flame and gaseous emission 
studies (3.). Direct observation of missile plume radiation is 
necessarily restricted to available missiles. Laboratory studies 
are the only means to obtain data on radiation from flames burn¬ 
ing fuels and classes of fuel under development or anticipated 
for possible future use in balll.stic missile propulsion. In 
addition to the data themselves, laboratory studies provide 
detailed quantitative analysis of infrared radiation of flames 
and correlation of the measurements to the basic physics and 
chemistry of flame radiation. This correlation is an essential 
step in achieving understanding of radiation processes, which 
is the basis for long range predictive capability. 

The considerations outlined above, combined with the 
results of previous research on flame radiation (4--21), vrere the 
basis for initiating the work described in this report. 

The basic data needed to predict missile plume 
radiation are flame spectral emlsslvities and flame temperat\ires, 
as functions of fuel and combustion conditions. Prom these 
basic data, the infrared radiation of a missile plume and Its 
spectral distribution can be determined. Accordingly, the 
approach followed in this project has been as follov;s: 

1. Measure emlsslvities and temperatiires of flames, 
using fuels, fuel combinations, and combustion conditions of 
sufficient variety to be representative of current and future 
practice in ballistic missile propulsion. 

2. Develop suitable extrapolation procedures, to apply 
the laboratory data to calculation of missile plume emlsslvities. 


* Underlined numbers in parentheses refer to references listed in 
Section X. 
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3. Verify the 
ocntrolled environment. 


extrapolation by field checks made In a 


An example of a step-by-step prooedure used to predict 
missile plume emissivities and radiances is described in Section 
III. 


The chief goal of this program Is a handbook or "Atlas" 
of flame emissivities, supplemented by numerical constants and 
procedures whereby the radiation of missile plumes can be pre¬ 
dicted. This Atlas Is being issued in parts; the first two parts 
have been completed under this contract (22,Another goal of 
the program is to achieve basic understanding of flame radiation, 
and thus help to provide improved predictive capability for the 
future. This goal has been approached through experimental 
studies of molecular radiation ( 2 ^ 27 ) and related physical 
problems (28—31). 


The following are the ma.ior accomplishments of the 
project, as described in detail in the referenced publications 
and reports. Brief summaries of the principal results are given 
later in this report. 

1. Measurements of hydrocarbon flame emissivities and 
temperatures have been completed, and an Atlas of these data 
prepared (^). 


2. Measurements of nit.rogeriO\as fuel flame emissivities 
and temperatures have been made {^J. 

3. The effect of altitude on flame infrared radiation 
was studied experimentally and evaluated (23,32). 

4. A field check was carried out using a hydrogen- 
oxygen rocket engine under altitude test conditions (3_£}. 

5. Progress was made in developing improved . -ra- 
polation formulae and procedures (29,31). 

6. Methods were worked out for measurement i' solid 
propellant radiation under controlled conditions. 


II. MEASUREMENTS OP FLAME SPECTRA 


Infrared emission and absorption spectra of flames of 


various fuels were measured under known, cc-ntroiled temperature, 
pressiu^e, and flow conditions. Details of the combustion system, 
the Infrared Instrumentation, and the experimental results are 
given in two technical repc^’ts prepared under this c.-cotract 
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1, Liquid propellants 

Liquid propellant flames were studied In a 3-lnoh 
enclosed burner (22), This enabled studies of biupnlng with 
oxygen and with otHcr oxidizers^ such as RPNA, at atmospheric 
pressure and at reduced presa\ires. The number of specific 
examples studied was minimized by concentration on general 
relationships. The spectra of most hydrocarbon flames are 
so similar that there is little object to studying a great 
variety of hydrocarbon fuel mixtures. The combustion 
products and consequently the gross spectra, are the same 
for all. The differences are mainly differences due to 
temperature and pressure, which should be predictable from 
measurements of a few representative hydrocarbon flames. 
Methanol-Og* kerosene-Ogj and hexane-Oo were studied as 
representative examples of hydrocarbon combustion. Figure 1 
is an example of the type of results obtained. 

Nitrogenous fuel systems studied were ammonia- 
oxygen (23) hydrazine-oxygen (23), and hydrazine-RPNA, Work 
on nitrogenous fuels is continuing. 

2. Gaseous fuels 


Gaseous fuels were studied separately from liquid 
propellants, because the handling problems are different, 
and gas combustion can be studied with relatively simple 
burner equipment. Flames of hydrocarbons with oxygen and 
the hydrogen-oxygen flame were investigated experimentally 
(^. 32 ). 


3« Low pressijre flames (high altitude simulation) 

Infrared radiation and temperatures of fltmes 
were measured as a function of pressure, to aid in evaluat¬ 
ing the effect of altitude on flame radiance. Emissivitles 
and equivalent widths of spectral lines were measured in a 
laboratory burner, and equivalent widths were extrapolated 
to zero pressure (^). Emissivitles of a rocket exhaust 
plume were measured under controlled conditions simulating 
altitudes in the range 10^ — 10° ft. (32), An example of 
low pressure infrared flame spectra is given in Pig. 2. 

4. Solid propellants 

Solid propellants require special handling, if 
the measurements are to be made under controlled, known 
conditions. Different measurement techniques are required 
from those used for liquids, because the measurements must 
be made during the limited time available while the pro¬ 
pellant charge is burning. There is nothing in the solid 
propellant case corresponding to continuous feeding of fuel 
as in the case of liquid propellants. Preliminary studies 
were made on an experimental optical bomb and a high speed 
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Infrared apeotral pyrometer (33)j to be used for observing 
the burning of strands of solIcT propellants under controlled 
conditions. 


III. PROCEDURE FOR PREDICTING THE RADIANCE 
OP A MISSILE PLUME 


A^_General 


The radiation measurements outlined In the 
preceding section ara Intended for use In predicting 
missile plume radiation. Methods of prediction were 
investigated both experimentally and theoretically (31). 

The procedure outlined below Illustrates how 
the data obtained from this project may be utilized. The 
procedure Is constantly undergoing Improvement as we 
Improve our knowledge of this subject. An experimental 
example, for a H 2 -Q 2 rocket aj pressuies corresponding to 
altitudes above 10^ feet, is given In reference 32. For 
simplicity, only the undistur.bed cone of the missile plume 
was considered in that example; however, this is not an 
inherent restriction of the general method. 


B. Example of Procedure 

Consider the case of Fuel X burning In Rocket Y, 
where Rocket Y may be an operational missile or a hypo¬ 
thetical case. 

Step 1. The extrapolation formula appropriate 
for Fuel X and related conditions Is first chosen. The 
choice of formula Is based on previous analyses (31^). To 
simplify this illustration, the Beer-Lambert law will be 
used*'. The choice of formula determines the constants 
required. In the case of the Beer-Lambert law, only one 
constant is needed, the absorption coefficient k, . The 
explicit formula is ^ 


-k, 9 I 

^ = 1 -® ' 


(1) 


where e^. is the spectral emlsslvity at wavelength X, k^ 

Is the ^sorption coefficient, p is the density of infrared- 
active gas and I is the optical path length. 


* In practice, the Beer-Lambert law is useful mainly as a 
first approximation. 
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Fig. 2. Emlssivity of a kerosene-oxygen flame 11” from nozzle at various pressures 


















step 2, The infrared emission and absorption 
spectra of the flame burning Fuel X are measwed in the 
laboratory. Prom the spectral data, the emissivity e, and 
flame temperature T are determined and plotted vs \ (^). 

The absorption coefficient k, is then calculated from 
Eq. (1), for each wavelength^of interest. 

Step 3. The values of p and I for Rocket Y are 
now determined by the usual methods (^). In general 
prediction studies, a series of values of p and I can be 
used as input data, to obtain curves of plume radiation as 
a function of missile parameters. 

Step 4. Substituting the absorption coefficient 
k, , determined from the laboratory measurements (Step 2) 
and the values of p and i (Step 3) back into Eq. (l), we 
compute the plume emissivity The calculation is carried 

out for as many wavelengths as desired. 

Step 5. To calculate the spectral radiance of the 
rocket pliome, the calculated emissivity of the plume (Step 4) 
is combined with the temperature of the flame T, determined 
from the laboratory measurements (Step 2). The equation 
used is 


N^(T) 


( 2 ) 


where is the plume radiance, is the emissivity, 
determined from the above procedui^e, and Nx°(T) Is the 
Planck radiation function at temperature T. Values of the 
Planck radiation function are readily available from hand¬ 
books or radiation slide rules. 


C. Improved Extrapolation Procedures 

The Beer-Lambert law, used in the above example, 
is admittedly Inadequate as a general extrapolation formula. 
In order to Improve this situation, the following basic 
studies were carried out. This work Is described In 
reference 31. 

1. Line width studies 


Spectra of pure gas samples were measured at room 
temperature and at temperatures up to 1300®K in an electric 
furnace. The first pta*pose of this work was to determine 
width of spectral lines in the Infrared spectra of flame 
combustion products, and to aid in evaluation of various 
models of Infrared bands for practical application. 
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2. Molecular population distributions and transition 
probabilities' 

Population factors were calculated and tabulated 
In order to provide a basis for calculating infrared emission 
of flames from fundamental constants^ and also as an aid in 
extrapolating from laboratory measurements to field conditions, 

3. Absorption laws 

Various absorption lav;s and extrapolation formulae 
were studied both theoretically and in relation to the meas¬ 
urements mentioned above, in order to provide data and tech¬ 
niques for extrapolating from laboratory data to systems of 
different chemical and physical properties from those studied 
in the laboratory. 

4. Thermochemical relations 


Equilibrium compositions of flames were cal¬ 
culated from thermochemical data, based on temperatures 
determined from the infrared spectral measurements. These 
measurements are applicable to calculation of the energy dis¬ 
tributions in the gas and the concentration of each radiating 
species present. 

5. Instrumental distortion 


The effect of spectral resolving power on the 
infrared measurements was studied both experimentally (31) 
and analytically (_^). It was found that correction for this 
effect can be made in many cases even if the transmission 
function of the infrared instrument is unknown. 


IV. FIELD CHECK OF EXTRAPOLATION OF INFRARED EMISSIv J.TIES 


Rocket exhaust temperatures and eralssivities vrere 
measured under simulated altitxide conditions (^). The test 
program v;as conducted at the Rocket Test Facility, Ai-nold 
Center, Tennessee, with the cooperation of ARO, Inc., 
operator of the Arnold Center. The tests were conducted 
on May 9 and 10, I 961 . 

Infrared spectral emission and absorption of the 
exhaust plume of a hydrogen-oxygen rocket engine were 
measured, as a check on extrapolations from laboratory flame 
measurements. Firings vjore made in an altitude test chamber 
under conditions simulating altitudes from 96,000 to 145,000 
feet. Exhaust gas temperatures and emissivitles were 
determined from the infrared spectral measurements. 

Laboratory measurements of .hydrogen-oxygen flame emissivities 
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were extrapolated to the conditions of the rocket engine 
tests. The measured results verified the extrapolation 
within the range of error determined by experiment and by 
limitations of the extrapolation procedure. 

It was concluded that the results support the 
extrapolation from laboratory flame measurements, and that 
refinement of both theory and experiment are required to 
improve accuracy. The tests also demonstrated the utility 
of the Infrared technique and Instrvimentation for measuring 
gas temperatures In rocket engines. 


V. CONCLUSION 


A three-part program has been carried out to 
provide basic data for prediction of missile plme rad¬ 
iation. The three parts of the program were (1) measure¬ 
ment of laboratory flame radiation, (2) extrapolation from 
laboratory flames to rocket exhaust plvimes, (3) a controlled 
field test of the extrapolation. The results obtained have 
confirmed the utility of this approach, and indicated where 
refinement is needed. 

Additional work is planned, to obtain data on a 
greater variety of fuel-oxidizer combinations, and to 
improve the extrapolation procedures. During the next 
phase of work, emphasis will shift from liquid to solid 
propellant radiation. 

The gross characteristics of missile plume rad¬ 
iation are similar to those of radiation from other flame 
sources. Accordingly, it appears desirabD.e to focus 
attention on those detailed characteristics, such as spectral 
energy distribution and flame temperature profile, which are 
likely to be most helpful in providing unique character¬ 
ization of a rocket exhaust as against other similar rad¬ 
iation sources. This is a basic practical reason for 
trying to achieve complete, quantitative understanding of 
the processes of flame radiation. The achievement of this 
aim is the long range goal of the present work. 
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APPENDIX I. 


NOTE ON APPLICATION OP INFRARED FLAME RADIANCE DATA 


The measurements described In this report were made 
to provide basic information on flame processes as they 
relate to Infrared radiance. The information obtained is to 
be applied to development of system parameters and limit¬ 
ations of Infrared early warning systems. Although these 
developments are not part of the present project, it may be 
helpful to point out some possibilities for the use of 
absolute spectral intensity and spectral energy distrib¬ 
utions as system parameters. 

In principle, the techniques for identifying a 
hot gas target from its spectrimi are known, and are used in 
analytical infrared absorption spectroscopy. However, the 
standard techniques are insufficient in the present applic¬ 
ation, because the characteristics usually used to Identify 
chemical compounds (e.g. group frequencies) are rather sparse 
in flame spectra, and are similar for a wide variety of 
different cases. For example, all hydrocarbon combustion 
gases show the characteristic CO 2 and H 2 O bands. Accordingly, 
more subtle distinctions between spectra must be sought. For 
example, "hot" bands occur in the spectra of flames, and the 
relative spectral intensities observed depend upon temper¬ 
ature and upon characteristics of the fuel and oxidizer 
used; also shapes and widths of spectral lines vary with 
temperature and pressure. 

Figure 3 illustrates some possibilities for 
utilizing spectral data in Infrared early warning systems. 

The output of a wavelength scanning device is fed into a 
Wiener filter network. The feedback loop adjusts the wave¬ 
length response of the Wiener filter, proportional to 


S(X)/ (S(X)+N(X)) 


where S(X) is the signal and N(X) the background radiation; 
thus optimizing the signal response. This "suppresses" the 
random noise and non-periodic signals, and the output is in 
the form of a series of varying amplitude pulses at pre¬ 
scribed wavelength values. This principle permits low 
intensity detail to be picked up out of the noise. 

The output of the Wiener filter is fed into a 
synchronous multiplier, which is part of a cross-correlation 
network. The purpose of this network is to minimize 
electronic noise and further suppress non-periodic signals, 
without altering the signal v/ave shape. The principles of 
cross-correlation are well known; in practice it provides 
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for integration, thus reinforcing only periodic signals. 

The resultant pulses from the cross-correlation 
network are fed into a normalizer that adjusts the peak 
amplitude to a predetermined height, so that it can be com¬ 
pared to a library of spectral data. The library data are 
obtained from laboratory flame measurements. The comparison 
continues between the unknown and the library until a match 
is obtained. The identification is then complete and may be 
Indicated in terms of a recorder trace or coded output. 
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APPENDIX II. 


NOTE ON POSSIBLE EFFECTS OF FUEL ADDITIVES 
ON INFRARED RADIATION OP FLAMES 


The addition of foreign substances to the fuel to 
suppress the infrared radiation from flames, or to change 
the character of the infrared spectrum, is suggested by the 
well known results of such additions upon spectra in the 
visible artd ultraviolet. Small amounts of metallic salts, 
for example, can cause very large and striking changes in 
the appearance of the visible radiation of a flame. 

No adequate experimental or theoretical evidence 
is available to indicate that the molecular infrared rad¬ 
iation of flames can be suppressed to a significant degree 
by small amounts of fuel additives. The available exper¬ 
imental data bearing on this point were obtained primarily 
from rocket motor observations. The lack of known, con¬ 
trolled conditions and the large experimental uncertainties 
inherent in these measurements, as well as inadequate 
theoretical background, make the results inconclusive. 
Carefully controlled laboratory experiments on the effects 
of additives on infrared spectra of flames, coupled with a 
quantitative study of radiation mechanisms, would be of value. 

In considering possibilities for suppression of 
infrared radiation from flames, it is essential to distinguish 
between the continuous Infrared spectrum and the discontinuous 
molecular band spectrum. The latter is an intrinsic property 
of hot polyatomic and heteronuclear diatomic gases, The 
continuous spectriun in liquid propellant combustion is 
largely due to inefficient combustion and we may expect it 
to be reduced substantially on the basis of I'uture improve¬ 
ments. In the case of solid rockets, it is reasonable to 
assume that the continuous spectrum will always play an 
Important role, because the materials added to the solid 
fuel matrix to increase thrust are such as to necessarily 
increase the infrared radiation also. 

The large variation in transition probabilities for 
different types of radiation is likely to be a key factor in 
the question of suppressing radiant emission of hot sources. 
Atomic resonance lines in the visible and ultraviolet 
spectrum, such as those of the alkali metals* have very high 
transition probabilities, of the order of 10°sec“^. As a 
result, a relatively small number of atoms can emit or 
absorb a large amount of radiation. Molecular transition 
probabilities for Infrared radiation, on the other hand, 
are much smaller, by a factor of perhaps 10 “^, Since the 
strength of radiation effects (emission or absorption) is 
roughly proportional to the product: transition probability 
X particle population, the bulk of material required to 
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produce in the Infrared an effect equivalent to that pro¬ 
duced in the visible spectrum by a given quantity of, say, 
sodium is lo5 times the corresponding quantity of sodium. 

There is certainly no direct way to reduce the 
Infrared radiation from hot polyatomic and heteronuclear 
diatomic gases, except by cooling. IX,ie to the intrinsic 
thermal nature of infrared radiation from a hot gas, any 
appreciable change in the radiant power emitted corresponds 
to a change in temperature and consequently in heat transfer. 
In a rocket engine, changes in heat transfer conditions may 
entail significant changes in rocket performance. 

It is possible to shift the spectral distribution 
of flame radiation, without necessarily an overall reduction 
in radiant power, by changing the fuel composition. However, 
a very large change in exhaust gas composition is required 
to change Infrared spectral distribution appreciably, 
because of the small effect per particle (low transition 
probability), A change in temperature distribution in a 
flame will also change the spectral energy distribution, 
but this cannot be accomplished merely by adding materials 
to the fuel, since the temperatiire distribution is a function 
of the rocket nozzle configuration. 

Another possibility is the use of catalysts, to 
hasten the reaction of radiating species in the exhaust. 

This does not apply to most infrared radiation, since 
nearly all this radiation comes from unreactive end products 
of combustion. It might be applied to the more chemically 
active radiators, such as HCl and HF, which would result in 
production of more radiation from some other molecule, e,g,, 
H2O, 


Other methods than fuel additives to reduce ths 
radiation of rocket exhausts may be imagined. Some mono¬ 
propellants theoretically yield only homonuclear diatoi'.:'. •- 
gases as combustion products, and these have no infrar--'' 
spectra. One can also imagine various schemes for shielding 
the Infrared radiation of a rocket plume. For example, :he 
exhaust might bo s\irrounded by shields of very low e . '.vity 
material, or the heat of combustion could be liberat in a 
heat exchanger, which would then eject a stream of homo- 
nuclear diatomic exhaust gas, without an Infrared spectruia. 

In sura, the infrared spectrum of a ballistic 
missile exhaust plume is, and may be expected to remain, an 
Intrinsic characteristic of the missile system, Contnoiled 
experiments and detailed theoretical analysis would doubtless 
be helpful in clarifying this subject. 
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MONOCHROMATIC RADIATION PYROMETRY OP HOT GASES, 
PLASMAS, AND DETONATIONS^* 

Richard H. Tourin 


ABSTRACT 

Technlciues of Infrared monochromatic radiation (IMRA) 
pyronietry have been developed to measure the high temperatures 
encountered in hot gases, such as flames and plasmas. Hot gases 
generally radiate heat only at certain characteristic infrared 
wavelengths which are determined by the.structure of the gas 
molecules. As a result, the familiar T^ radiation law of 
Stefan-Boltuman — based on the assumption of a continuous black- 
body or graybody spectrum — is Inapplicable to gases, and a diff¬ 
erent principle is required. The IMRA method, like optical 
pyrometry, is based on the radiation laws of Planck and Klrchhoff, 
which relate it to the International Temperature Scale. But it 
differs from optical pyrometry in at least three respects; 

(l) the wavelength used for meas\arement must be selected from 
among the characteristic infrared wavelengths of the gas; (2) it 
is not necessary, and usually not possible, to match the spectral 
brightness of a standard to the spectral brightness of the hot 
gas; (3) the assumption of constant emlsslvity is untenable for 
gases, and the infrared spectral emlssivities of the gas must be 
determined explicitly from its Infrared absorption spectrum. The 
IMRA method is adaptable to direct recording of gas temperatures. 
No spectroscopic analysis is invoJ.ved, although spectroscopic 
instrument techniques are used. Moderate spectral resolution is 
adequate; spectral resolution does not affect the measurements 
significantly. 

The IMRA method has been applied to measurement of gas 
temperatures in flames, combustion ejdiaust gases, plasmas, and 
transient combustion waves. Steady-state temperatures have been 
measured, as well as temperature transients having duration of 
the order of a millisecond. Representative Instrumentation and 
results are described. The IWRA-measured temperatures, when 
plotted against wavelength, reflect the temperature gradient 
across a flame. Good agreement was obtained between measurements 
made in the 2.7-ti bands of HpO and the 4.3-u band of CO 2 . An 
experimental comparison was made between IMRA and thermocouple 
temperature measurements. ■ This showed that accuracy of +1;^ In 
temperature is achievable. 


•»* Supported in part by Advanced Research Projects Agency and U. S. 
Air Force, through Geophysics Research Directorate, Bedford, 
Massachusetts, and Aeronautical Research Laboratories, Wright 
Field, Ohio. 













I 

I. INTRODUCTION 

High gas temperatures are difficult to measure with 
thermocouples and other immersion-type temperature sensors. At 
the higher temperatijres of combustion flames and plasmas, the use 
of temperat\ire probes to sense the gas temperature becomes im¬ 
practicable. Determination of gas temperatures from the heat 
radiation they emit is a natural alternative to inversion devices, 

A radiation pyrometer meaa\Ares temperature without being in con¬ 
tact with the hot body, and its temperature measuring range has 
no upper limit. Since the measurement is based upon use of the 
natural infrared radiation emitted by the hot gas, it is un¬ 
necessary to add anything to the gas for measurement pxirposes, 
and it is immaterial whether the gas is luminous' or not. Since 
no probe is used, the measurement is uninfluenced by gas velocity, 
and one measures the static temperature. 

Gas radiation pyrometry is quite different from rad¬ 
iation pyrometry of solids and melts, because the radiation 
emitted by hot gases is of a different spectral character from 
the emission of a hot solid or melt. The solid or melt emission 
is typically a continuous spectrum, similar to the spectrum of a 
blackbody radiator^^ ^ emission spectrum of a hot gas, on 

the other hand, is discontinuous, consisting of narrow emission 
bands at a few infrared wavelengths, with no emission at other 
wavelengths^j^#5*0 j ^ ^ result, conventional radiation pyro¬ 

metry, based on the familiar T^ law of Stefan-Boltzmann^^, is not 
applicable to gases, and a different principle of temperature 
measurement must be used. 

The infrared monochromatic radiation (IMRA) method of 
gas pyrometry was first suggested by Schmidt'^ in 1909 . After 
forty years of relative obscurity, the method was revivedoin . 
modified form, with the aid of modern infrared tecliniquesO>9* 10* 11* 12J 
The IMRA method is similar in principle to conventional optical 
pyrometry^3), hut is considerably different in detail. The 
principles of monochromatic radiation pyrometry, and some 
results achieved by its use for gas temperature measurement are 
discussed in this paper. The methods described are intended 
for practical pyrometry, where direct indication of gas temp¬ 
erature is desired. Spectroscopic methods of gas temperature 
measxArement, which are based on detailed analysis and theoretical 
interpretation of the emisgipn-i spectra of hot gases, have been 
described el3ev\fhere‘^^ '' J-o* J-H , 


II. PRINCIPLES OP MEASUREMENT 

A, Characteristics of Hot Gas Radiation 

Before discussing temperature measurement by radiation, 
let us first consider the nature of radiation emitted by hot 
gases. Figure 1 shows schematically an emission spectrum of an 
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ideal blaokbody radiator and the emission spectra of some typical 
molecules found in hot combustion gases and flames. As shovm by 
Pig. 1, gas radiation, as well as most blackbody radiation, is 
emitted at wavelengths in the infrared region of the electro¬ 
magnetic spectrum. The significant feature of radiation from 
solids is the fact that the emission spectrum of a solid is con¬ 
tinuous; that is, heat energy is emitted from the hot object at 
all wavelengths throughout the spectrum. The emission of solids 
(and liquids) is continuous because the strong coupling of the 
particles (atoms, ions, or molecules) causes the individual 
particle vibration frequencies to be "smeared out"io). In this 
respect solid radiation is similar to blackbody radiation. The 
emission of a gas, on the other' hand, consists of a few narrow 
bands scattered over the infrared spectrum; i.e. the emission 
spectrum of a gas is essentially discontinuous. The wavelengths 
at which gas radiation occxirs correspond to the characteristic 
internal vibration frequencies of the gas molecules. 

At temperatures up to about 3000°K, polyatomic 
molecules are plentiful in combustion gases, and are the chief 
contributors to gas radiation, COg and HoO predominate in 
hydrocarbon flames and combustion gases3^^). At temperatiires 
above 3000®K, polyatomic molecules become scarce, due to dis¬ 
sociation, but diatomic molecules are common. For example, 
ordinary air, when heated to temperatxAres between 3000°K and 
10,000‘^K. radiates in the infrared due to formation of molecules 
of N 019 j 20 ), At still higher temperatures, found in arc-heated 
plasmas, there is infrared radiation from atoms and possible 
from "abnormal" molecules like Ar 2 . 

Flames and combustion gases always emit their char¬ 
acteristic discontinuous infrared radiation. In some cases, 
flames exhibit a. continuous radiation spectrum in addition. 

The continuous spectrum of a sooty hydrocarbon flame, for 
example, is the graybody emission of suspended carbon particles. 
As a rule, the continuous spectrum cannot be depended upon to 
occur, and is therefore of limited value for gas temperature 
measurement. In this paper, we consider only the always- 
present infrai’ed band spectrum of the gas itself. Continuous 
spectra in plasmas have a different origin; these continua do 
not generally follow the Planck curve217. Plasma continua will 
not be discussed in this paper. 

Fully combusted exhaust gases are essentially non- 
lumlnous, l,e. they show no emission in the visible part of 
the spectrum. In the reaction zone of a flame, and in plasmas, 
visible and ultraviolet radiation are observed in addition to 
Infrared radiationt Even in such cases, it is usually desirable 
to use the infrared radiation of the gas for temperatxire measure¬ 
ment p\arpo6es, to be sure of obtaining a true equilibrium 
temperature. This point is elaborated upon later. 
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B, The Infrared Monochromatic Radiation Method 


The intensity of radiation emitted hy a hot gas depends 
upon the gas temperature and upon the number of gas molecules or 
atoms contributing to the radiation. In addition to measuring 
the radiant emission of the gas, we must accoiint for the effect 
of the quantity of gas radiating, in order to determine gas 
temperatvire. This can be done by the well-kno;^ technique c V 
Infrared absorption spectroscopy^S}, in which an infrared 
radiation beam of known intensity is sent through the gas, and 
its loss of intensity measured. The fraction of beam energy 
lost in the gas at a particular wavelength depends upon the 
number of gas particles which emit and absorb energy at that 
wavelength. This fraction is the spectral absorptivity of the 
gas, which is equal to its spectral emisslvityl). Knowing the 
gas spectral emissivity, as well as the gas spectral emission, 
at a particular infrared wavelength, we can readily determine 
the gas temperature. It is apparent that the spectral emissivity 
of a gas is a function of the gas density and of the length of 
optical path over which the measurement is made. Unlike the 
case of solids and melts, gas emissivity is not a surface pheno¬ 
menon. Accordingly, gas spectral emissivity must be measured 
explicitly each time we desire to measure temperature; gas 
spectral emissivltles are not unique for a given gas molecule 
and hence cannot be tabulated fox* use in temperature measurement*. 


Figure 2 illustrates the principle of monochromatic 
radiation pyrometry for gas temperature measurement. The source 
of infrared radiation to the left of the flame emits a primary 
radiation beam of constant, but arbitrary, intensity Iq(\) at 
wavelength X. This primary radiation, represented by the barred 
arrow to the left of the flame, is sent through the flame towards 
the radiation detection system. The convergence of the Source 
beam through the flame in Pig. 2 represents the attenuation of 
the beam by absorption in the flame. The transmitted beam Is 
represented by the upper portion of the double arrow to the right 
of the flame. Added to this transmitted radiation is the rad¬ 
iation Ik(^) from the flame itself, represented by the lower 
portion of the double arrow. Both of these radiation beams are 
sent through an infrared monochromator, symbolized by the prism, 
which is set to transmit only radiation in a narrow band at 
wavelength X, The wavelength X is selected from the spectrum of 
emission bands which were discussed previously. The radiation 
transmitted by the monochromator at a narrow wavelength band. 


/ 


* The spectral absorption coefficient, related to the spectral 
emissivity through the Beer-Lambert law, is a unique constant 
for a given molecule. However, spectral absorption coefficients 
are of little value for gas temperature measurement^ because 
the Beer-Lambert law is usually invalid for gaBes°>. 
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consisting of contribution l(X) from the reference source, 
attenuated by the gas, and contribution Ig(x) from the gas, is 
sensed by the infrared detector. This detector may be a photo¬ 
cell, bolometer, or other detector, depending upon the wavelength 
range being used. The output of the radiation detector is stepped 
up by an amplifier and sent to the computer. The computer com¬ 
putes the ratio of the spectral emission of the gas to the 
spectral emissivity of the gas, corresponding to the two radiation 
signals. This ratio is equal to the Planck radiation function, 
which gives the temperature of the gas on the International 
Temperature Scale'^-^^. The Instrvmient is calibrated by reference 
to the blackbody standard at one convenient temperatvire, 


The necessary mathematical relationships are simple, 
and are easily derived. The transmitted source intensity I(x) 
at wavelength X is equal to the primary intensity Io(x) times 
the fraction of Io(^J remaining after absorption in the gas, or 


I(>^) = lQ(X)(l-ag(X)) 


( 1 ) 


v;here ap.(X) is the spectral absorptivity of the gas, i,e,, the 
fraction of incident radiation which the gas absorbs at wave¬ 
length X, Since thb spectral absorptivity ag(X) at a given 
wavelength equals the spectral emissivity egtx) at the same 
wavelength^), we can write ^ 


I(X) = Io(X)(l-eg(x)) 


(2) 


from which e 
been measure 

According to Klrchhoff's radiation law^\ the ratio of 
the gas spectral emission IgCX), at a particular wavelength, to 
the gas spectral emissivity^eg(x), at the same xmvelength, is 
equal to the spectral emission of a blackbody at the same temp¬ 
erature, i,e. 


S'. 


(x) can be readily found, once I(X) and Io(X) have 


It,(X) = Ig(X)/eg(X) . (3) 

The emission of a blackbody is given by the Planck radiation law, 


Iv = 


CiX 




w 
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which is the basis for the accepted definition of the temperatiire 
scale for temperatures above the gold Rpint (1063°C), as adopted 
in the International Temperature Scale^^', Because of this fact, 
the gas temperatures obtained by IMRA pyrometry are absolute 
temperatures, and do not require empirical calibration. Planck 
law curves, of the type shown in Pig. 3, are the calibration 
curves for IMRA pyrometry. A specific instrvunent is calibrated 
by checking against a blackbody radiator at a single convenient 
temperature, such as the gold point. 

It is important to keep in mind that Kirchhoff's law, 
equation (3), holds for a gas only in a narrov^ spectral band. 

The emission and absorption of a gas vary strongly v;ith wave¬ 
length, as shown in Pig. 1, and therefore a gas is not only not 
a blackbody, but is not a gray body either. This is one of the 
basic reasons for using a monochromatic method. In practice, 
one measures a narrow band of radiation extending over a wave¬ 
length Interval (5iX, centered at X. The results of the measure¬ 
ment are Independent of the value of AX, within rather broad 
limits9*10,2472S't. 

C. Theoretical Basis of the IFfflA Method 

The elementary derivation of the IMRA method given 
above Is incomplete,from the theoretical standpoint, for a 
nxamber of reasons, which do not, however, affect the validity 
and utility of the method, A detailed analysis is beyond the 
scope of this paper, but a few of the theoretical questions bear 
mentioning. 

The Planck radiation law rests upon the assumption of 
a continuous distribution of radiation over an infinite frequency 
range^'^, while the radiation spectrum of a gas is, on the con¬ 
trary, discontinuous and finite. Hence it is not immediately 
obvious that it is justifiable to apply the Planck law to gases. 
The use of the Planck law for gases hagvbeen justified in the 
pa,St mainly on empirical grounds' Hov^ever, it can be 
justified theoretically, by detailed analysis of energy exchange 
processes in a hot gas. It has been shown^9j that the Planck 
law holds for narrow bands In a discontinuous molecular spectrum, 
provided that the time constant (relaxation time) for inter¬ 
conversion of vibrational energy and translational energy is much 
smaller than the radiative lifetime of the spectral emission. 

This is always true for infrared bands30,3x)^ with the possible 
exception of radiation from very fast transients, such as shock 
waves and detonation waves. The latter are discussed later. 

Contrasting to infrared radiation is the case of the 
very intense ultraviolet and visible bands of molecules, in 
which the radiative lifetimes are so short that there is often 
insuffloient time for equilibrium to be reached between the 
radiative and kinetic degrees of freedom. For this reason, the 
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temperature values obtained from ultraviolet radiation measure¬ 
ments may not be equilibrium temperatures, but may correspond 
to abnormal excitation of the radiative degree of freedom giving 
rise to the emission, A well-known example is the ultraviolet 
emission of the OH radical, found in many combustion flames^S). 

The essentially thermal origin of infrared emission . 
bands of flames has been established theoretically by Shuler33;, 
who showed that there can be no appreciable chemiluminescent 
contribution to this radiation. The radiation emission process 
is a small "heat leak", which has negligible effect on the thermal 
state of the gas. This corresponds to the fact that significant 
amounts of energy are transferred in flames only by collision 
processes, rather than radiative processes. The case where 
radiative ener^ transfer is appreciable (e.g, in stars) has been 
discussed elsewhere3^J. 


III. INSTRUMENTATION AND EXPERIMENTAL RESULTS 
A. Instrumentation 

Figure 4 is a schematic diagram of an IMRA pyrometer 
for gas temperature measurement. As shown, the Source and 
Receiver are disposed opposite one another on either side of 
the flame. If the flame is small, it may be located at a common 
focal point of the Source and Receiver, If the flame or gas 
‘ stream is very large, both the Source and Receiver are focused 

at infinity. The instrument functions as follovrs; infrared 
radiation from the glower G in the Source unit passes through 
chopper Chi, ^ rotating sector disc operating at a fixed frequency 
of 90 cycles per second. The resulting pulsed infrared beam is 
reflected from plane mirror Mt to spherical mirror M 2 . M 2 sends 
the pulsed beam through the flame to spherical mirror Mo. Mo 
collects the steady radiation beam from the flame as well as'^the 
pulsed beam from Mp, Radiation collected by Mo is reflected 
from plane mirror % to plane mirror Me, A second chopper Ch 2 
is located at a focal point of Mo between r /14 and M^. Radiation 
relayed by Me is collected by spherical mirror M 5 and focused on 
the monochromator. The monochromator may be a prism or grating 
monochromator or an Infrared filter; its function is to select 
radiation in a narrow wavelength band from the incoming radiation 
and transmit that narrow band radiation to the infrared detector. 
The detector converts the radiant energy it receives to an electric 
. signal, which is stepped up by the amplifier and indicated on the 

recorder. 

• The reason for using two radiation choppers is to 

distinguish between the emission and absorption signals, which 
are measured by a common optical system, detector, and electronic 
“ system. To measure radiation from the hot gas, a shutter is 

interposed in front of the glower G, cutting off. radiation from 
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the Source Unit. Chopper' Ch 2 then periodically interrupts the 
radiation from the hot gas, thus producing an AC signal for the 
detector. To measure gas absorption, the shutter is removed 
from in front of the glower, and chopper Chx provides a pulsating 
beam of radiation from the glower. In this latter mode of oper¬ 
ation the chopper Ch 2 does not function. Then the radiation 
detector will pass on to the electronic system only the pulsating 
signal from the glower, reduced by absorption in the hot gas. 

The steady, unchopped radiation coming from the hot gas will not 
be passed by the AC electronics. In this way one may measure 
emission or absorption along the same optical path through the 
flame. An alternative technique is to operate both choppers 
simultaneously, but at different chopping frequencies. The 
emission and absorption signals, differing in frequency, can 
then be separated by frequency discrimination in the electronics, 
and the two signals indicated separately as before. 

For calibration pxirposes, mirror M 4 can be rotated to 
illuminate the measuring system with radiation from the blackbody 
standard B, 

A typical IMRA pyrometer is shown in Fig. 5 . This 
lnstr*ument is set up to measure temperatures of combustion flames 
in a closed burner. Corresponding to schematic Pig. 4, the unit 
to the left of the^burner in Fig. 5 is the Source Unit. The unit 
to the right of the burner is the Receiver Unit. The Recorder 
and Amplifier unit is located remotely. Plgxire 6 shows a close-up 
of the Receiver Unit without cover. The condensing mirror (M 5 ) 
and chopper (Ch 2 ) oan be seen together with an auxiliary strip 
lamp and Mrrors. The strip lamp is used as a secondary rad¬ 
iation standard in place of a blackbody radiator. The infrared 
monochromator is at the right rear, 

B. Combustion Flame Temperatures 

Figures 7t 8 , and 9 illustrate measurements of flame 
radiation and temperature by the IMRA technique. Figure 7 shows 
the emission and emissivity of a 5 -inch diameter methanol- 
oxygen flame between 2 . 5 -w and 3 . 6 -u, at a point 3 ^ inches from 
the base of the flame. Figure 8 shows the corresponding IMRA- 
measured temperature, plotted against viavelength (Curve A), 
and a similar plot for a point 8 ^ inches from the base of the 
flame (Curve Bj, Figure 9 shows a plot of temperature vs. wave¬ 
length in the 4.3-u spectral band of COo, for the methanol- 
oxygen flame S-g inches downstream (Curve B), and a similar plot 
for measurements made 5 i inches from the base of a hexane-oxygen 
flame (Curve A). 

Figures 8 and 9 have a number of interesting features. 
The indicated temperature is different at different wavelengths, 
corresponding to the non-uniformity of the temperature distrib¬ 
ution in the flame cross-section. Moreover, we obtain higher 
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temperatures from wavelengths at which the emissivity is low 
than from wavelengths where the emissivity is high. This can 
he seen by comparing the emissivity plot in Fig. 7, v;avelenBth- 
by-wavelength, to Curve A in Pig. 8. (For convenience, alternate 
spectral lines are omitted in Fig. 8, This does not affect the 
comparison). The, reason for this phenomenon is clear. V/hen the 
emissivity is high, radiation emitted from the interior of the 
flame suffers considerable reabsorptlonj hence, in effect v;e 
measure primarily radiation from the outer, cooler layers of 
gas, and the indicated temperature is relatively low. At wave¬ 
lengths where the emissivity is low, on the other hand, the 
pyrometer can "see deeper" into the hot core of the flame and 
the indicated temperatures are higher. 

Comparison of the two curves of Pig. 9 brings out the 
effect of different temperature gradients. The data for Curve A 
vfere obtained near the base of the flame, vjhere the core temp¬ 
erature is highest and the gradient steepest. At the long wave¬ 
length end of the band, where the emissivity falls, the temp¬ 
erature shows a sharp rise, corresponding to the temperature in 
the hot core. Contrasting to this. Curve B in Pig. 9 shovjrs data 
measured fvirther downstream, where substantial mixing has taken 
place and the temperat\ire gradient is much less steep. Corr¬ 
espondingly, the indicated temperat\ire levels off as a function 
of wavelength, and the sharp rise observed in Curve A is.absent. 

A plot somewhat like Curve B was described by Silverman^), for 
the CO-Oo flame; the rising portion of the plot near 4.20-i.i was 
omitted in Silverman's published figure. The effect of temp¬ 
erature gradients may be seen also in Fig. 8. The average 
temperature is higher and the slope of the temperature vs. 
v/avelength plot is steeper for the measurements made near the 
base of the flame. Comparing Cxorve B of Pig. 8 with Curve B of 
Pig. 9j we find that the temperatvue is the same for both 
spectral regions, for vravelengths of equal emissivity. The mean 
temperature of the entire T vs, \ cxirve is about 100° higher 
for the 2,7-u than for the 4.3“U data. This is to be expected, 
since the average emissivity is higher in the 4,3-u band. 

The temperature values shown here are v/eighted 
averages of the temperatures across an inhomogeneous flame. 

The variation of temperature with vjavelength reflects the temp¬ 
erature profile of the flame, although it does not provide a 
strict point-by-point temperature profile. Methods for determin¬ 
ing the profile in detail have been discussed elsewhere for thQ 
case where the radial temperature distribution is uniform35>3 d 
and for the general case of an inhomogeneous temperat\Are 
distribution^®^ °' * • 
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C, Temperature Hcasurcments Ir, Plasmas 

Plasma may be defined loosely as a gas v;hich is 
pai’tially ionised. Ordinarily, plasmas are hotter than combustion 
gases and are electrically conductive. Polyatomic molecules are 
not commonly found in plasmas, because they are dissociated by 
the hij^h temperature. Plasmas in the range up to perhaps 
15,000°K are composed of diatomic molecules and atoms. As one 
goes to higher and higher temperatures, dissociation and ion¬ 
ization become progressively greater, \mtil eventually, at 
temperatures of some millions of degrees, the plasma consists 
entirely of stripped atomic nuclei and free electrons. 

Monochromatic radiation pyrometry has been applied to 
plasmas at temperatures up to about 15,000<^K. At these* temp¬ 
eratures, infrared emission is obtained from a few diatomic 
molecules and from atoms. The instrumentation for measurement 
of plasma temperatures by monochromatic radiation pyrometry is 
basically similar to that used in measuring temperatures of 
flames and combustion gases. An example of plasma temperature 
measurement by monochromatic radiation pyrometry is given in 
Pig. 10,. which shows temperatures determined from emission and 
absorption in the 4.015-u line of helium. The experimental 
points are compared to a theoretical curve of gas enthalpy 
against temperaturjs, 

D, Measurement of Transient Gas Temperatures by Monochromatic 

Radiation Pyrometry 

’ ' Transient gas temperatures can be determined as a 

function of time, by application of the principles already 
discussed. The measurements must be made and recorded at h,i.gh 
speed. Instrumentation for this purpose has been dcscribedo'^}. 

The high-speed IMRA pyrometer is similar in function to the 
instrument Illustrated schematically in Pig. 4. The main differ¬ 
ence is that a much higher chopping frequency (11,000 cycles per 
second) is used in the Source Unit than is the case for the 
steady-state instrument, and no chopper is used in the '.■leceivcr 
Unit. A very fast infrared detector is used and its output is 
indicated on an oscilloscope. Recordings are made by photo¬ 
graphing the oscilloscope trace. Radiation from the blackbody 
standard is chopped at a different frequency (l6oo cycles per 
second) from the Sovirce Radiation, so that this signal can be 
readily identified on the oscillogram. Figure 11 shevrs a typical 
record of temperatures in a deflagration v;ave, measured with a 
high-speed II^A pyrometer. These measurements v/ere made at a 
wavelength of 4.4~u, corresponding to the emission of hot carbon 
dioxide. The left third of the diagram shov;s the 11,000-cps 
modulated source radiation beam before the deflagration X'jave 
has arrived at the observation point. The lov; frequency 
(l 600 -ops) chopped signal is the calibrating signal from the 
blackbody standard. After l-^ milliseconds, the deflagration 
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wave reaches the observation station. The Infrared emission 
from the combustion wave causes a transient signal to be indicated 
on the oscilloscope. The spectral emission at any time can be 
obtained by scaling off the amplitude from the oscillogram. The 
spectral emissivity is obtained by scaling off the peak-to-peak 
amplitude of the lljOOO-cps modulated signal during the interval 
where emission occ\irs, and comparing this to the peak-to-peak 
amplitude of the 11,000-cps trace prior to arrival of the 
combustion wave. Thus both spectral emission and spectral emissiv¬ 
ity as functions of time can be obtained from a single recording. 
The blackbody calibration trace enables conversion of the data to 
absolute temperature. The circles draim on Pig. 11 connected by 
a dashed line are the temperatvires calculated from the spectral 
emission and spectral emissivity values read off'this oscillogram. 


IV. PRECISION ANALYSIS 

In order to evaluate the accuracy and precision of 
monochromatic gas radiation pyrometry, a series of measurements 
was made in which gas temperatures determined by monochromatic 
radiation pyrometry v;ere compared to temperatures measured vriLth 
accurately calibrated and corrected chromel-alumel theriiiocouples, 
The characteristics of the chromel-alumel thermocouples nec¬ 
essarily limited the comparison to temperature not exceeding 
iSooop. 'However, since the principles used are independent of 
the temperature, it is reasonable to assume that a check of the 
accuracy of the method in this temperature range is also applic¬ 
able at higher temperatures. This is particularly plausible, 
because the Planck radiation curve, against which monochromatic 
radiation pyrometry is calibrated, gets steeper as the temperature 
increases (see Pig. 3); hence the method is inherently more 
sensitive and less susceptible to measurement errors at higher 
temperatures. 

In these tests, the fully-combusted exhaust of a 
gasoline-air burner was used as the sample gas. The gas stream 
was six inches in diameter, and was essentially isothermal, 
except for a negligibly thin boundary layer. Radiation data 
and thermocouple data were recorded simultaneously on a tvj-o-pen 
recorder. The radiation measurements were made at a fixed v;ave- 
length of 2,66-n. 

Tests were made at four nominal temperatures, near 
1200°, l400°, l600®, and l800°F. The results of the comparison 
are shoim in Fig. 12. At each temperature, the horizontal line 
is the mean of repeated radiation temperature measuremen'' s. 

The measurements themselves are shown as solid circles. In each 
case, the mean thermocouple reading is shown as the short line 
segment near the right hand margin. At all four temperatures 
the standard deviation of the radiation pyrometer readings v;as 
+2^. At the higher temperatures the accuracy of the measv\rement 
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was within of the temperature indicated by the thermocouple. 

As lower temperatures are approached the accuracy becomes 
progressively poorer* This corresponds to the flattening out 
of the Planck curve at low temperat\jires. The accuracy of the 
radiation method improves as one goes to higher temperatures, 
because the Planck curve gets steeper. Of course the accuracy 
cannot increase indefinitely as one goes to higher temperatures; 
an accuracy somewhere between and is probably the practical 
limit for this type of measurement. 

In such a comparison, one cannot distinguish between 
fluctuations in the measurement process and fluctuations of the 
hot gas under study. The temperature of the hot combustion gas 
was constantly fluctuating, with an amplitude of roughly +75®P. 
Accordingly, the indicated reproducibility in Fig. 12 includes 
both the random measurement errors and the fluctuations of the 
gas temperature. 

A more definitive evaluation of accuracy would require 
a standard hot gas sample in equilibrium at a known temperature. 
Such a standard has recently been described, and preliminary 
results,obtained with it bear out the analysis given in this 
paper39). 
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Infrared emission spectra of typical hot gas raolecules 
o. blackbody emission. 











Pig. 2. Schematic diagram shov/ing the principle of monochromatic radiation 
pvrometry for gas temperature measurement. 
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Planck law curves for calibration of a monochromatic 
radiation pyrometer. 













Pig. 4. Schematic diagram of a monochromatic radiation pyrometer. 


















Pig. 5. A monochromatic radiation pyrometer for gas temperature measurement. 






























loseup viev/ of Receiver Unit of monochromatic radiation pyrometer. 
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!urve B is a temperature—■wavelength plot for the methanol—oxygen flame 
ibtained at the same position as Ciorve B of Pig. 8. Curve A was 
ibtained from measurements in a 5-inch diameter hexane-oxygen flame. 
Inches from the flame base. 









Teniperatures measured in a helivirn plasma Jet by inonochi’o.natic 
radiation pyrorr.etry. 




















4 

K 


4 



Pig. 11. laical temperature record of a deflagration wave, 
obtained by the high-speed monochromatic radiation 
pyrometer. The circles drawn.on the figure represent 
temperatures computed from the oscillogram, as 
described in the text. The temperature range 0--1000"C 
has been suppressed. 
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COMPARISON OF THERWOCOUPLEC AND RADIATION 



Pig, 12. Comparison of combustion gas temperatures measured by 
monochromatic radiation pyrometry and by chrome 1-almel thermo¬ 
couples, At each temperature the burning was maintained as 
steady as possible, and repeated measurements made. The reproduc¬ 
ibility is shovm by the distribution of each set of points about 
their mean value; the scatter includes the average gas temperature 
fluctuation of + Absolute accuracy is indicated by the 

agreement of the radiation mean temperatxire and the thermocouple 
mean temperature, given in the right hand margin. 
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INFRARED SPECTRAL EMISSIVITIES OF CO^ IN THE 
2-7 MICRON REGION* 

R. H. Tourin 

The Warner ik Swasey Company. Control Imtrument DivUion, 

32-16 Downing Street, Flushing 34. N.Y., U.S.A. 

( Accept ed 31 October I960) 

Abetncl—Spectral emissivlties of hot CO, in the 2 7 region were measured. Obscuration by 
H,0 emission, which occurs in flame spectra, was eliminated by use ofCO, samples heated in a 
closed ^s cell. These measurements of cmissiviiy can be used to calculate radiant power of 
hot CO, over a given spectral region, by means of an approximate integration technique. The 
CO, absorption near 21 p was found to be independent of pressure at 1273 °K, from SO mm 
to 700 mm Hg. This contrasts with the cose of CO, absorption at room temperature. It results 
from overlapping of vibration-rotation transitions of the types — (p, -4- 1) p| (p, + 1) and 

p,vjp, — v,(v, 4 - 2)1 (vt + 1), originating from excited states as well as from the ground state. 
This overlapping produces “temperature-smearing" of the spectrum, analogous to pressure 
broadening. 


INTRODUCTION 

Flames and combustion gases exhibit strong infrared emission in the spectral region near 
2*7 fi. This emission is contributed by infrared vibration-rotation bands of carbon dioxide 
and water vapor. The 2*7 /s carbon dioxide bands in a flame spectrum are obscured by 
the strong emission of the water vapor fundamental bands in the same spectral region. For 
this reason no detailed studies of these CO, bands in hot gases have been reported 
previously. 

The present paper describes measurements of the 2*7 fc infrared absorption bands of 
carbon dioxide at high temperatures. The measurements were made primarily to determine 
spectral emissivities of CO, as a function of temperature and molecular concentration. The 
measurements were made with samples of pure, dry CO, heated in a special gas cell. Spectra 
were measured with a Perkin-Elmcr Model 12C infrared spectrometer. The experimental 
methods and some of the results of measurements in the 4-3 p region have been reported 
previously. <*• *> 


MEASUREMENTS 

Figure 1 shows the spectral emissivity of CO., in the 2 7 p bands for temperatures from 
394 ”K to 1300 °K, measured with an optical depth ps of 2*67 cm atm, at 700 mm Hg total 
pressure. The path length was 12'7 cm, and dry nitrogen was used to adjust the pressure. 
Most prominent in Fig. 1 are the CO, combination bands (00®0)-<02®1) and (00“0)-<10®l), 
centered at frequencies 3613 cm~* and 3715 cm“* respectively. Near 3560 cm“‘, there is an 
extra peak, suggesting additional bands. This peak is probably mainly due to the transition 
(01‘0)^03M), for which equals 3579 cm"'. 

• Supported in part by the U.S. Air Force, through the Geophysics Research Directorate, Bedford. Mass. 
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is no observable pressure effect, as can be seen from the fact that the curves for SO mm and 
700 mm total pressure coincide. 

Although independent of pressure, the high-temperature spectrum is quite sensitive to 
absorber concentration, as indicated by Fig. i. The lower curve of Fig. 3 reproduces the 
lower curve of Fig. 2. The upper curve in Fig. 3 corresponds to a much higher coiicenirr.- 
tion, at the same temperature and pressure. 


Cffi-' 

370n S600 5500 5400 



Fio. 3. Spectral cmissiviiy of CO, at 1273 'K; the 2-1 n region, increasing the absorlHir concentration 
changes the emissivity by a comparable amount, while changing pressure by more than a factor of ten has 

no effect. 

Absolute spectral radiance may be calculated from the spectral emissivity plots shown in 
Figs. 1, 2 and 3, by multiplying the rmissivittes point-by-point by the appropriate values oi' 
the Planck function. Fig. 4 shows the spectral radiance of carbon dioxide at 1273 “K 
calculated by this method. The power radiated in any spectral interval may be calculated 
from Fig. 4 by integrating over the interval. To simplify this calculation the approximation 

f'j.iT) JjA c(A. r)./(A. DdA ^ J,{T) c(A. r)dA. 

may be used, where is the spectral radiant pov.'er of the hot gas in the interval 

JA. c(A, T) is the spectra) cmi.ssiviiy at wavelength A and temperature r.7(A, T) is the Planck 
function, and j^{T) is the average value of J{\, T) over JA. Table 1 compares integrated 
radiances calculated in this way to radiances obtained by multiplying the cmissivitics 
;A)int-by-point by the Planck radiation function and integrating. The agreement between 
the approximate and exact calculations is very good. 
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Infrared spectral cmissivities of CO, in the 2-7 micron region 
DISCUSSION 

The radiation from COo in the 2-7 n region is contributed by two sets of vibration-rotation 
transitions; those for which Jc, = 0, Av, 2. -dr, == l, A! 0, with band centers at fre¬ 
quencies of 3613 cm"‘ and lower; and bands corresponding to transitions where Jr, -- 1, 
Av, = 0. Ai’a l,AI = 0, which occur at frequencies below 3715 cm '. Table 2 shows four 
transitions of each type, listed in order of relative population of the lower state. For each 


Taulk 2 . Vibrational Population Factors Ano TKANStrioN Probai>ilitii;s For 
CO.J Banos in tiii; 27 n Ri-oion 
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transition in Tabic 2, the vibrational population factor for the lower state is shown at 
300 °K and at 1273 °K. The calculation of these factors is described in a report by Tourin 
and Henry <’> The transition probabilities shown in Table 2 were calculated from a formula 
given by W. S. Benedict. 

The intensities of the overlapping CO,, bands occurring in the 2-1 n spectral region are 
proportional to the product of transition probability and initial .state population. It can be 
seen from Table 2 that at high temperatures there may be many overlapping bands of 
appro-’iimatcly equal intensity. 

The ub,sorption cocdicicnts in this region arc not c.xtremcly high, as shown by Fig. 3. 
Nevertheless, the large pressure cfl'cct observed in the room temperature spectrum vanishes 
at higli temperatures, as shown by Fig. 2. Evidently the spectrum is not fully pressure 
broadened at 700 mm. Another cn'ect occurs in.stcad. which has the same elVecl a,s pressure 
broadening in smearing out the rotational structure. Each of the overlapping bands has a 
i' and an R branch; hence there are many rotational lines of slightly dilTcrcnt frequency for 
each value of rotational quantum number./, As a result of the manifold vibrational and 
rotational overlapping, the high-temperature spectrum is virtually continuous. 











110 


R. H. Tourin 


REFERENCES 

1. Tourin, R. H., J. Chem. Phys. 20, 1651 (1952). See aUo Nal, Bur. Stands, Circ, #523,87 (1954). 

2. Tourin, R. H., J. Opt. Soe. Amtr. 51, 175 (1961). 

3. Tourin, R. H., and P. M. Hbnrv, AFCRC TN-59-262, Geophysics Research Directorate, Bedford, 
Mass., December 1958. 

4. Benedict, W. S., Rep, Nat, Bur. Stand. 1123,49 (1951). 






Reprinted from Joomnal ok the Oitu-.m. Soi iErv ok Amekua, Vol. 51, No. 11, 1225-1228. Novcinlicr, 1961 

i’riniMl In U. S. A. 


Some Spectral Emissivities of Water Vapor in the 2.7-v Region** 
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Spectral emlaiivities of water vapor were measured in the 2.7 -m region, at temperatures up to 1273'’K. 
The measurements were used to calculate spectral and integrated infrared radiance oi hot water vapor (or 
several cases of interest. The spectrum of hot HiO is relatively [joor in strong "hot" bands, in contrast to the 
caae of COs. The general character of the rotational structure in the spectrum of the hot gas is similar to 
the case of room temperature, although some additional lines are observed at high temperatures. Con¬ 
sequently, care must be taken in selecting the spectral Intervals over which radiance integrals are to he 
calmlated. 


L INTRODUCTION 

NFRARED spectral emissivities of hot water vapor 
are of interest in studies of radiant emission from 
flames and in problems of atmospheric transmission. In 
most cases, gas emissivities are best determined from 
absorption measurements. The basis for this practice is 
Kirchhoflf’s law,‘ which states that for any thermal 
radiator .in equilibrium at temperature T, 

ex(T)^a,(r), 

where «x(r) is the spectral emissivity at wavelength X, 
defined as the ratio of the spectral radiant emittance of 
the thermal radiator to the spectral radiant emittance 
of a blackbody at the same temperature; and is 
the spectral absorptivity at wavelength X, defined as 
the fraction of incident radiation (or arbitrary magni¬ 
tude) absorbed at wavelength \. The absorptivity 
cx{T) can be measured by infrared absorption spec¬ 
trophotometry. 

The determination of spectral emissivities of gases 
from absorption measurements obviates the difficult 
task of comparing emission measurements directly to 
blackbody radiation. The absorption technique is 

• Supported in part by the U. S. .\ir Force, through the Geo¬ 
physics Research Directorate, Bedford, .Massachusetts. 

'J. K. Roberts and .t. R. Miller. Iteiil ond Therniodynamics 
(Interscience Publishers, Inc., New Vork, lyt^), Sth Kd., Cha,.i. 
20, p. 190. 


unsatisfactory for weak absorption (less than a few 
percent) because small values of absorptivity cannot be 
measured accurately; in this case the more laborious 
procedure of direct emission measurement must be 
resorted to. This paper reports on emissivities obtained 
from absorption measurements. 

The infnred spectrum of the water vapor molecule in 
the 2'i-fs region was studied in detail by Benedict and 
Plylcr.’ The spectrum of atmospheric water vapor was 
measured by Taylor et a/.,’at temperatures up to S00®C. 
These investigators observed and identified a large 
number of lines in the vibration-rotation spectrum of 
HaO, and checked the line frequencies against thcuretica! 
predictions. The magnitude of HaO absorption at room 
temperature was studied quantitatively by Howard 
et al* who developed formulas for calculating HaO ab¬ 
sorption over long atmospheric paths. 

The HaO spectrum near 2.1-n corresponds to vibra- 
"'onal transitions of the type 

(t'lt'jVa) —(i'iVat'a+-l) and (I'lt'at'i) —(t't-f It aHa). 

In flames and in the atmosphere, the 2.7-m water vapor 

’ W. S. Benedict and K. K. Plylei, J. Research Natl. Bur. 
Standards 46, 236 (1951). 

• J. H. Taylor, \V. S. Benedict, and J. Strong, J. Chom Phys. 
20. 528 (19.52). 

* J. N, Howard, D. F. Uu.-ch, and D. Williams, J. Opt. Soc. .\m. 
46, 186, 237, 242, 334, 452 (1956). 
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Fio. 1. Spectral emlBsIvlly of water vapor In the region; 
optical depth 7.26 cm-atm. 


Spectrum is partially obscured by overlapping carbon 
dioxide bands of the type 

and 

(fiD'ji'3)-(«i(tii+2)‘(r,+ l)). 

The effect of this overlapping was avoided in the 
present work by measuring spectra of pure samples of 
COt and HjO heated in a furnace. The COj measure¬ 
ments have been reported previously.^"' The present 
paper reports similar measurements of cmissi'/ities of 
heated water vapor, at temperatures-up to 1273®K. The 
water vapor spectrum was pressure-broadened with 
nitrogen. 

II. EXPERIMENTAL 

The experimental setup used for measurement of hot 
COj absorption spectra^ was modified (or use with 



Fig. 2. Spectral emissivity of water vapor in the 2.7-n region, 
at 700 mm Hg and various temperatures; optical depth about 
4 cm-atm. 


• R. H. Tourin, Natl, Bur. Standards Circ. No, 523, 87 (1954). 

• R. H. Tourin, J, Opt, Soc. Am, 51, 17S (1961). 

^R. H. Tourin, Infrared Phys, 1, 105 (1961), 


water vapor. Steam produced by heating dislilled water 
in a llask was admitted to a (|uartx gas cell, up to the 
desired pres.sure of HjO. Sulhcicnt nitrogen was then 
added lo make up the desired lotai pressure. The gas 
cell was then sealerl off from the gas-handling system. 
The water vapor samples, contained in the gas cell, were 
maintained at selected temperatures by means of an 
electric furnace. The gas-handling system svas main¬ 
tained at about lOO^C, to prevent condensation of 
water. Absorption spectra were measured with a modi¬ 
fied Perkin-Elmer 12C infrared spectrometer; auxiliary 
optics svere used to provide an intermediate focal point 
at the center of the gas cell. The water vapor samples 
were studied at temperatures from 500® to 1273®K. The 
path through the samples was 12.7 cm in all measure¬ 
ments. 

III. RESULTS 

iMgure 1 shows water-vapor emissivities at 500® and 
1273®K, at two different pressures, for an optical depth 
of 7.26 cm-atm of HjO. The effect of pressure on the 
observed spectral emissivity is relatively greater for the 
higher temperature. This contrasts with the case of 
Cf);!, where the pressure effect in the 2.7-ju region is 
observable at room temperature, but vanishes at high 
temperatures.’ Figure 2 shows typical plots of HjO 
spectral emissivities at an optical depth of 4i cm-atm, 
at four temperatures from 673® lo 1273®K, at a total 
pressure of 7(K) mm Hg. In the central region of the band 
the emissivity decreases slightly with increasing tem¬ 
perature. In the wings, the order is reversed, the emis¬ 
sivity increases with temperature. It should be kept in 
mind that this is not purely a temperature effect. At 
constant pressure of HjO, the density decreases with 
temperature, hence the number of ab.sorbers is lower at 
the higher temperatures. However, the effect of density 
variation is considerably less than the effect of tempera¬ 
ture; this is particularly evident in the wings, where the 
emissivity increases with temperature despite the 
reduction in density. 

Table I. Slopes of some Beer’s law plots for HjO, measured at 
700 mm Hr, pressure-broadened with ,Vj. The average spectral 
slit was 30 cm"‘, In all coses, the range of optical depth is l-S 
cm-atm. The uncertainty of the slope k varies with the masnitude 
of the transmittance t, thus a4/i = [ln(l/r)]"ir.l(l/r)]]/(l/r) 
-p(higher oriler terms). Tlie uncertainties given here arc (or an 
optical depth of 5 cm-atm, for which r has its smallest value 
- (strong absorption). Hence the values shown are lower limits. 


Fre¬ 

quency 

Tcm- 

iwraiurc 

Slope 

I'rc- 

tliuTicy 

Tem¬ 

perature 

Slope 

cm""' 

"K 

cm"' atm"' 

cm"‘ 


cm"' aim"' 

.5400 

073 

0,001 ±0.033 

,1018 

073 

0.14 d:U.().53 

3400 

873 

0.001 ±0.033 

.5618 

873 

0.10 ±0.031 

3400 

1073 

0.0S9±0.()30 

.5618 

107,5 

0.093 ±0.0,53 

3400 

1273 

0.058±0.029 

.5618 

1273 

0.084 ±0.033 

3520 

673 

().0<M±0.()28 

37(X) 

07.5 

0.10 ±0.029 

.1520 

873 

().0<«)±().028 

37(X) 

,873 

0.113 ±0.031 

3520 

1073 

0.083±0.028 

37(K) 

1073 

0.0'>8±0.028 

3520 

1273 

0,086±().028 

3700 

1273 

0.10 ±0.0.50 
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Fio. 3. Spectral emissivity of water at three temperatures, 
under moderate spectral resolution. Individual si)ectral lines are 
not resolved, but the general character of the structure is verv 
similar at all three temperatures. 

The measurements were made for a range of optical 
depth from 1 to 5 cm-atm. The results can be fitted to 
linear (“Beer’s Law”) plots over this range. In Table I 
the slopes of some linear plots are given, for four spec¬ 
tral frequencies, at four temperatures, ba.sed on data of 
the tyi» shown in Fig. 2. These slopes are not true 
absorption coefficients, because the low-resolution spec¬ 
tra from which they were computed contain much 
unr^lved rotational structure. The slopes can be used 
for interpolation over the range of optical depth shown 
in Table I, but not for extrapolation much beyond this 
range. 

Unlike the case of COj, the H 2 O absorption spectra 
show considerable structure at all the temperatures 
observed. Figure 3 shows spectral emissivity of H-iO at 
three temperatures, measured with a moderately nar¬ 
row spectral slit. Individual lines are not re.solved, but 


I'lO. 4. Temperature dependence of H>0 spectral emissivity, 
at various frequencies in the 2.7->i region. 


the gross rotational structure is apparent, and there 
no striking difference between the structures in the lo 
and high temperature cases. 

Some examples of the 


ariation of 
emi.ssivity with temperaiurtj; are given 


several fretiuencies in the 


exhibits none of the regularity of comparable plots far 


carbon dioxide,"" refieciing 
the Hif) asymmetric rotor sp] 
relatively simple, regular spa 


HiO spectrnl 
in Fig. 4, i|t 


'2.7-m region, This figutf 


the greater complexity (If 
pcirum as compared to th 
ptrum of linear, symmetrll- 


cal COj. 

As in the case of CO 2 , spcjhral radiant emittances (!'f 
HjO over a given spectral bindwidth can be calculaU 
from emissivity data of the type given in Figs. 1 and 


However, because of the per;|istencc of rotational stru(|- 


type given 

cause of the pe 

ture at high temperatures, Ihcse low-resolution emis.- 
sivitics are numerically valid only as averages over la 
bandwidth great enough tci include many roiationa 


Table II. Infrared radiant omittance of HjO, calcululcd from emissivity rncasulrcments. 


r’K 


Band (n) 


/’(atmi y’.V(cm.atm) 


1373 

1273 

SOO 

■SOO 

1273 

1273 

500 

500 

1273 
•« 1273 

300 
500 

1273 

1273 

500 

500 


2.35-3.45 

2.35- 3.45 

2.40- 3.40 

2.40- .3.40 

2.35- .3.45 

2.35- 3.45 
2.35-3.45 
2.35-3.45 

2.5- 2.9 

2.5- 2.9 
2.5-2.9 
2.5-2.9 

2.5“2.9 

2.5-2.9 

2.5- 2.9 

2.5- 2.9 


0.13 

0.13 

0.13 

n.t3 

0.57 

0.57 

0.S7 

0.S7 

0.13 

0.13 

0.13 

0.13 

0.57 

0.57 

0.57 

0.57 


1.7 

1.7 

1.7 

1.7 

7.3 

7.3 

7.3 
7..1 

1.7 

1.7 

1.7 

1.7 

7.3 
7.3 
7.3 
7.3 


0.13 

0.92 

0.13 

0.92 

0.57 

0,92 

0,57 

0,92 

0,*3 

0.92 

0,13 

0.92 

0.57 

0.92 

0.57 

0,92 


JedX 

r wait 

IF 1 ed\ - 

J cm’ 

/' wait 

1 lF«fX- 

J cm’ 

Percent 

difference 

0.0297 

0.11 

1 0.11 

0 

0.0572 

0.26 

0.21 

-19.2 

0.0370 

0.28X10-’ 

0.35X10-' 

4-25.0 

0.0554 

0,38X10-' 

0.53X10-' 

■r39.S 

0.1027 

0.17 

0.38 

-+■ 2.7 

.0.1671 

0.61 

0.62 

4 1.6 

0.1517 

o.nxio-’ 

0.14X10-’ 

4-27.3 

0.21.53 

0.15X10-^ 

0.20X10-’ 

45.1.,1 

0.0158 

0.64X10-' 

0.64X10-' 

0 

0,0356 

0.16 

0.14 

-12.5 

0,0289 

0.19X10-’ 

0.18X10-' 

- .5.3 

0,0444 

0.28X 10-' 

0.28X10-' 

0 

0.0602 

0.24 

0.24 

0 

0,1061 

0.39 

0.43 

4-10.3 

01283 

0.8()X 10-' 

0.80X10-' 

0 

0.1814 

0.1 IX to-’ 

0.11X10-’ 

0 


— 

... ir 


• G, N. Ptass, J. Opt. Soc. .\m. 49, 821 (19,59). 
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FiO. S. Energy distribution of HiO vibrationai popuiation. 
The popuiation IS concentrated in the ground state, even at high 
temperatures. 


lines. Referring to Fig. 3, a reasonable bandwidth in 
this cose is about 0.05 n. 

In calculating infrared radiant emittanccs from cmis- 
sivities, the necessity for point-by-point multiplication 
with the Planck function may bo obviated by using ilie 
approximation 

it'a»(r)= f lF(X,r)e(X,r)</X^W',(T) f e{\,T)dX, 

''at •'at 

where IFatCiT) is the spectral radiant cmittance over the 
interval lF(\,r) is the Planck function, e{\,T) the 
spectral emissivity, and W\{T) the average value of the 
Planck function over AX. The appro.ximation is useful 


for emissivities greater than about S%. Table II com¬ 
putes some calculated results obtained by the exact 
emiltunce integral and by the approxim.alion. Within 
the limitations on bandwidth mentioned above, the 
accuracy of the .■ipectral emissivities reported here is 
estimated to be oi the order of ±10-20%. 

IV. DISCUSSION 

As compared to carbon tlioxide, the spectrum of hot 
water vapor is rn'ach less rich in “hot” bands. The reason 
for this can be deduced from Fig. S, which shows how 
the H'iO molecules in a gas are distributed among the 
vibrational energy states, at four temperatures. At 
2000‘’K, which is higher than the temperatures attained 
in this study, the population of the ground vibrational 
slate is still 55%, which is three times as great as the 
stale of next highest population, and there arc only 
seven states, aside from the ground state, having popu¬ 
lations as great as 1%. At 127.3“K the relative ground- 
slate population is 80%. .\s a result, the absorption 
spectrum of hot water vapor is due predominantly to 
transitions from the ground vibrational state, with 
relatively modest contributions from excited levels. 
Therefore the HaO band structure maintains its discrete 
character over a wide range of temperature. One should 
not expect the HjO absorption in these spectra to fol¬ 
low Beer's law, because emissivities measured with low 
resolution are averages, over the spectrometer slitwidth, 
of contributions from narrow spectrum lines, within 
which absorption is strong, and wide spaces between 
lines, where absorption is very weak. Typical H»0 
linewidth is «0.1 cm"' atm"', while line spacing is 
5=0.1 —1.0 cm"'. The linear plots from which Table I 
was computed arc jiresumably approximations to seg¬ 
ments of a more complicated function. 

The HjO spectrum contrasts strongly to the case of 
where the high-tcmperaturc spectrum is virtually 
continuous, due to overlapping of many hot bands of 
comparable intensity." The rotational structure of the 
HjO bands must be taken into account even at the high 
temperatures of flames and combustion gases. Hence, 
caution must be used in applying the results of meas¬ 
urements made with low-resolution spectrometers and 
filters to calculation of infrared radiance of hot gases 
containing H-O. 
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The eOeet of a most general spectrometer response function (slit function) on the measured transmission 
and emission of gases is investigated. It is shown that, although both the measured absorption and emission 
of hot gases are distorted by the slit function, the temperature rictermined by the infrared monochromatic 
radiation method is independent of the slit function. It is also shown that the conditions for the invariance 
of the integrated transmission are much milder than those previously assumed. 


1. INTRODUCTION 

P REVIOUS work in this laboratory' on the spectra 
of heated gases has shown that for some molecular 
bands the measured emissivity (and emission) is 
independent of the specttal slit width of the spec¬ 
trometer, whereas for other bands the measured 
emissivity is a very strong function of the slit width. 
Similarly, it was found that the addition of a gas such 
as nitrogen, which does not absorb infrared radiation, 
sometimes caused a great change in the apparent 
transmission of a molecular band, and had no effect 
on the transmission of another band. In general, the 
effect of vaiy'ing slit width and foreign-gas pressure was 
small in a spectral region where there are a great many 
overlapping spectral lines, such as the 4.3-^ absorption 
of hot COj. Where the spacing between lines was large, 
both the effect of the slit width and of foreign (non¬ 
absorbing) gases was quite noticeable. 

The explanation for these effects is cjuite simple. 
When a spectrometer is set to a certain frequency v, 
it responds not only to radiation of that frequency but 
also to adjacent frequencies v'. Of counse, the response 
at these adjacent frequencies is not as great as the 
response at v. The curve of spectrometer response vs v' 
is called the slit function gCv,/! of the spectrometer. 
The slit function of a poorly adjusted spectrometer 
with wide slits might look like the one in Tig. 1. The 
slit function of a properly adjusted spectrometer 
usually looks somewhat like that shown in I'ig. 2. 

U. RFFECT OF SLIT FUNCTION ON THE 
TRANSMISSION MEASURED AT 
A GIVEN FREQUENCY 

The measured transmission when the spectrometer 
is set at v is 

‘ r.(v)= r i{v')g{vy)do'/ f Uv')g(vy)dv', (i) 

•ibis work was supported in part by the U. S. Air Force 
through the Geophysics Research Directorate, ARDC,'Bedford, 
Massachusetts. 

' R. H. Tourin and P. .M. Henry, Final Report AKCRC-TR-60- 
203, Geophysics Research Directorate, Bedford, Massachusetts 
(1959), 


where /o(o') is the intensity at the frequency v' in the 
absence of absorption, and /(o') is the transmitted 
intensity at the freciuenty v', i.e,. 

The interval of integration Av' is the region over 
which g(i>,i/'} is nonzero; /o is usually so slowly varying 
over this narrow interval that it may be considered 
constant. Thus we obtain 




/o(o) f T(v')g(vy)d/ 
h{y) f g{vy)dv 


f T{v)g{vy)dv 

--. ( 2 ) 

f 

■'a,' 

If r(v') is nearly constant, as is the case when there 
are many overlapping line.s in the spectral interval 
covered by the slits, then 

r„(»)=‘r(o)f g(oy)dv’/f g(v./)<//=r(o. (3) 

In this case the measured transmission is the same as 
the true transmission at v and is independent of the 
spectral slit width Av. .Another case in which the 
measured transmission is independent of the slit width 
is the case where many lines of approximately equal 
intensity and spacing are included within Ai»'. This 
case is shown diagramatically in Fig. 3. 

In Fig. 3 gi(v,v') is the response function for a 
spectrograph with narrow slits and giCv,/) the response 
function of that spectrograph with wide slits. It is 
evident from the diagram that for neither slit width 
will the spectrograph give the true transmi-ssion at v 
(100% transmission), but the measured transmission 
will be an average of the true transmission over the 










interval Av', Since the average transmission over the 
interval Avi is the same as that over Ah', the measured 
transmission will be the same for both settings of the 
slit. Although the measured transmission in this case is 
independent of the slit width, it is not independent of 
the effect of foreign-gas broadening of the spectral 
lines. The addition of a foreign gas will cause the 
measured transmission to decrease. This is not sur¬ 
prising, because the average transmission in the spectral 
region Au' will decrease due to the collision broadening 
of the lines. 

If a small number of lines («1-3) of unequal spacing 
and/or intensity (or width) arc included in Av', then 
the measured transmission is severely distorted by the 
response function of the spectrograph, and the measured 
absorption at a given spectrometer setting v will 
depend very strongly on the spectral slit width and on 
the presence of nonabsorbing foreign gases. Changes of 
200 or 300% in the measured transmission at a given 
spectrometer setting when the slit width is doubled are 
not at all uncommon. Needless to say, the measured 
transmission at a given spectrometer setting [^ven by 
Eq. (1)] can be many-fold different from the true 
transmission at this frequency. Several attempts^-^ 
have been made to calculate corrections to the measured 
transmission by assuming a particular shape for 
g{vy) and Vy). It is usually left to the experimenter 
to determine whether the slit function of his spec¬ 
trometer has the shape used for the calculated correc¬ 
tions. These corrections are quite useful when the 
widths of the spectral lines arc comparable to the 
spectral slit widths. However, the spectral slit width 

’ H. J. Kostkowslu and A. M. Bass, J. Opt. Soc. Am. 46, 1060 
(1956). 

* M. T. Pigott and D. tt, Rank, J, Chem. Phys. 26. 384 (1957). 

' G. A. Kuipers, J. Mol. Spectroscopy 2, 75 (1958). 
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Fio. 1. Asymmetric response 
function which can resuit from a 
poorly adjusted spectrometer. The 
spectrometer is set at the fre¬ 
quency t>. The ordinate scale is 
arbitrary. 



of a prism spectrometer is usually much greater than 
the width of a molecular vibration-rotation line, so the 
corrections are usually quite impractical for measurc- 
menis in the infrared with prism spectrometers. 

lU. INVARIANCE OF THE INTEORATSD 
TRANSMISSION 

Although the measured transmission at any given 
frequency can be greatly distorted by the slit function, 
the total (or integrated) transmission of a line or a 
band is independent of the slit function and is equal to 
the true integrated transmission, under some very mild 
conditions on the nature of the slit function and the 
procedure of integration. To prove this statement, we 
integrate Eq, (2) over the spectral interval for which 
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Fio. 3. The response function 
|i of n spectrometer with narrow 
siita and with wide slits gt super¬ 
imposed on a spectrum of many 
uniformly spaced lines of equal 
intensity. In both cases the spec¬ 
trometer is set at the frequency o. 
The ordinate scale for the spectrum 
is the transmission T of the gas. 



•v 


the absorption is nonzero; this is equivalent to scanning 
a spectrum with an infrared spectrograph. We get 


J f d,> 


fnu')g(uy )df' 

fsMd^' 


. (4) 


Interchanging the order of integration in Eq. (4) 
leads to 

TW)ih’ 


r" touts I 

" J 


fg{vy)dv 




Thus we iind that 


(4a) 


r**»‘*'=J’r(/)d»;'=r, 

provided that 

J g(fy)dv--‘ J g{vy)dv’. (S) 

Obviously, if g{vy) is symmetric in v and v' i.e., 
givy) — g{v',v), then Eq. (5) holds. But even if g is not 
symmetric, Eq. (S) can hold if = ,?(»'—»''). i-e., 
if g is independent of the spectrometer setting (if g 
depends only on llic difference between v and v'). Thus, 
even the asymmetric slit function for a poorly adjusted 
spectrometer shown in Fig, 2 would give 


necessary for ihe interchange of ihe order of integration 
to be permissible. 

The statement that the total transmission (or 
absorption) is independent of the slit function has 
often been made, and occasionally the conditions 
required for the truth of this statement have been 
examined.“ However, it is not usually realized how 
mild the re.st riel ions arc for this statement to be true. 
For example, I)e I’rima and I’enncr^ restrict g(i',i'') 
to a subclass of the class of symmetric functions for 
which = i I'—I'' ) iioUis. Examples of this 

subclass arc the Gaussian function and the triangular 
function. However, the type of slit function shown in 
Fig. 1 docs not belong to this subclass. Xcverthcless, 
the integrated transmission is invariant to the slit 
function even for a .spectrometer with tliis a.symnietric 
slit function. 

rv. EFFECTS IN TEMPERATURE MEASUREMENTS 

The measuremcni of the icmperalurc of hoi gases 
by the infrared monochromatic radiation (IMR.A) 
method* ’ is a very important part of the measurement 
program of this laboratory. The TMRA method is 
bused on the fact that the ratio of the monochromatic 
emission to absorption of a gas in thermal csiuilibrium 
is equal to the IManck function (a function of tempera¬ 
ture only). Tlius, if the absorption and emission are 


T* toUl-sT* 

Am — 4 tru» 

The only other important restriction on the procedure 
is that the limits of the spectral scan be at places where 
the measured absorption is zero. This requirement is 


‘C. R. UePrima and S. S. Penner, J. Chcni. Phvs, 23, 757 
(1935), 

* K. H. Tuurin and .\I. Grossman. Combustion and Plamu 2, 
330 (1958). 

’ R. K. Tourin, Seminar on High 'remperature Thermometry, 
Oak Ridge, Tennessee (1959). 
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measured at a frequency v the temperature of the (jtis 
is determined. Both the emission and the absorption 
of the gas ut the frequency >< are distorted by the slit 
function, but the ratio of the measured emission to the 
measured absorption is equal to tlie true ratio of these 
quantities. Therefore, the I.MR.A temperature is 
independent of the slit function. That this is so can be 
seen by considering the mathematical e.spre.ssions lor 
the (monochromatic) emission and absorption of the 
gas. Thus 

where In’M is the measured intensity of emission from 
the gas and /*(k') is the blackbody intcn.sity at the 
frequency v'. /‘(v') is almost constant over the interval 
Ak', so it can be brought in front of the integral sign. 
From Eq. (2) we have 

J T{p')gMdu'=TM Jg(r,/)</.'. 

Therefore 


But by dclinition 

l-7’„(i-)s.l„.f^) (7) 

and 

/''(i0J..;(m/')^//3/„/’(.•), (S) 

where .l,„(>') and /„''(»') are the measured absorption 
and blackbody intensity, respectively. Substitution of 
E(j.s. (7) and (S) into Ecj. (6a) leads to 

7h,"(>')/.ln,(i') = /m‘(t'). (6b) 

In other words, the ratio of the measured emission to 

the measured absorption is equal to the measured 
blackbody intensity. 

.A word of caution is in order at this point. Implicit 
in the above proof was the assumption that g(i',i'') was 
the .same for the emission measurement, the absorption 
measurement, and the calibration (blackbody) measure¬ 
ment. In order to ensure this, the optics which illumi¬ 
nate the entrance slit of the spectrometer must be 
e(|uivalenl for ah three measurements, i.e., the slit 
must be evenly illuminated by :dl three .sources (gas /o 
and calibration source) and all three sources must 
subtend the same solid angle at the detector of the 
spectrometer. 
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Measurements of Infrared Spectral Emissivlties of Hot Carbon 
Dioxide in the 4.3-ti Region* 

KiajARi* H. Tourin 

The Warner ^ Swasey Company, Control Instrument Oivision, I'lushini, New Tork 
(Received August IS, IMfiO) 

Infrared spectral emissivities of hot carbon dioxide have been detcrmincil by measurement of the infrared 
absorption spectra of gas samples healed under controllivl cnmlitions. Measurements in the 4.1-^ region 
are described and are discussed in relation to molecular energy distributions, theoretically calculated emis- 
sivittea, and flame radiation. _ 

1. INTRODUCTION spectra*' cannot be quantitatively compared to theory 


T he determination of the radiant power emitted 
by hot gases in narrow bands of the infrared 
spectrum is a problem of great interest. Hot gases 
radiate at characteristic spectral frequencies and do not 
normally exhibit a continuous blackbody spectrum. The 
amount and spectral character of radiation from hot 
gases are dependent on molecular constants and on 
temperature, pressure, and composition. The radiation 
of a hot gas cannot be readily calculated from theory 
alone, because the required constants are imperfectly 
known, and because the idealized models used in the 
theory are often inadequate to describe a complex 
spectrum. Measurements of hot-gas emission are 
therefore desirable. In the work reported here controlled 
gas samples of known composition, pressure, and 
temperature were heated in a quartz gas cell to tem¬ 
peratures up to 1273®K. The infrared spectra of the 
samples were measured under various conditions. 

The present paper gives some results of studies of 
radiation from heated carbon dioxide in the 4.3-#i 
region. Several interim accounts of this work have been 
given previously.'-* Most of the measurements reported 
here ore absorption measurements. Accurate gas- 
emission measurements are very difficult to make, 
because of the difficulty of comparing to an accurate 
standard of blackbody radiation, and because of the 
large corrections necessary for radiation from the gas¬ 
cell windows. Some preliminaty results of emission 
measurements are given in Sec. IV of this paper. 

One purpose of this work was to obtain data for 
predicting flame radiation. Most published llame 

•This work was supported in part hv the U. S. /\ir Force 
through the Geophysics Research Directorate, Bedford, 
Massachusetts. 

* R. H. Tourin, Industrial Scientific Company Repts. Nos. 
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Base, Dayton, Ohio (19S2). 

■« • R. H. Tourin, J. Chem. Phys. 20, 10-^1 (1952). Sec also Natl. 
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phr-sics Research Directorate, Bedford, Massachusetts (1958). 

*R. H. Tourin and P. .\1. Henry, AFCRC-TR-00.203, Geo¬ 
physics Research Directorate, Hanscom Field, Bedford, Massa¬ 
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or to healed gas data, because of large uncertainties in 
temperature and composition. Correlation of heated 
gas measurements and flame measurements will be 
discussed in a future publication. 

II. PROCEDURES 
A. Experimental 

The apparatus used has been described previously.' 
The data were obtained by measuring the infrared 
absorption spectra of samples of hot COj. The samples 
were heated in a quartz gas cell, maintained at tem¬ 
peratures up to 1273®K. by an electric furnace. Pressure 
and composition of the sample were kept constant in 
the course of a given spectral scan. Spectra were 
measured with a Perkin-Elmer 12C infrared spec¬ 
trometer, using a lithium fluoride prism. 

B. Treatment of Data 

It is convenient to express radiant emission of a hot 
gas in terms of the spectral cmis.sivity o^ the hot gas as 
a function of wavelength and temperature. The spectral 
emissivity may he combined with the Planck blackbody 
function to compute the absolute power radiated in any 
given spectral interval. 

The radiant power emitted by a thermal radiator in 
a finite spectral range AX is given by 

/’ax(r)= f c(\,T)J(\.T)<JX, (1) 

where e(\,r) is the emissivity at wavelength X and 
is the IManck radiation function. 

The emissivity e{\,T) is generally a ruoidly varying 
function of X with irregui tr amplitide and nonuniform 
sp'icing, It also depends on composition, path length, 
and pressure. It is therefore usually impractical to 
evaluate the radiant power integral [Ec|. (1)] anulyiic- 
ally. To obtain a value of the integral in any given case, 
one must measure the emissivity, multiply poini-by- 
point by the appropriate values of the Planck function, 

* E. F.. Bell el al, .Stud.v of infrared emission from llamcs, final 
report, I’arls 1-J, Ohio State University, Columhus, Ohio (1955). 

’ E. K. i’F'ler and C. J. Humphreys, J. Research .N’atl. Bur. 
Standards 40, 449 (1948). 
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I'lo. 1. Spoclral cmisslvity of 
carbon ilioxidc at 1273''K: the 
4,J-*i region. 


4,10 4.20 


4.30 4.40 


plot the results, and evaluate the integral by mechanical 
means, e.g., by a planimeter. 

In order to reduce the work involved in evaluating 
radiant power integrals, simplifying assumptions can be 
used. If the spectral band is sufficiently narrow, one 
may neglect the variation of the Planck function 
/(X,7') with X. Then /(X,r) may be taken outside the 
integral sign, and we have 

J\y(r)=Mr)f etx.7>/x, (2) 

where 

.;x(r) = (iMX) r y(x,r>/x. (.?) 

It is then only necessary to evaluate graphically the 
integral e(\,T)tfS- This eliminates the necessity 
for point-by-point multiplication by the Planck 
function. 

C. Instrument Factors 

In practi 'e, one does not measure the radiant power 
^axfT) directly, but in terms of the reading of an 
instrument, h\{T}, given by 




■•/ f 


pi\X)e(\'J)J{\J)il\',l\, (4) 


where is the slit function of the spectrometer,*"'" 

• J. Strong, Phys. Rev. 37, 1661 11931). 

• J. Slrona, J. Opt. Soc. Am. 39, 320 (1949). 

H. J. Kostkowr.ki and A. .M. Pass, N'atl. Uiir. Standards 
kept. No. 4418 (1956), p. 32. 


2100 1 ®'" *1 

AX' is I he width of the slit function, and K is a cali¬ 
bration constant, which contains those parameters of 
the measuring system, such as amplifier gain, which are 
not dependent upon wavelength, The apparent emis- 
sivity csiT) measured for any given slit width is equal 
to the area under the spectrum curve divided by the 
base, i.o., 

Cx(/') = rAX'r ,;(X',r)p(X,X'>.'\'. (5) 

-'ax' 

The apparent cmi.ssjvjty will be sensitive to slit-width 
variation it tlie siii encompasses only a lew spectrum 
lines, widely spaced. However, if the spectrum con.sisis 
of many lines which overlap to such an extent that the 
envelope n( the siiectrum is virtually continuous, the 
integral of Kq. {p) will be ixraciically invariant with 
slit width. .\t the liigh temperatures with which we are 
concerned, the infrared spectrum of a polyatomic 
molecule consists of many bands Loniribuled by 
vibrational transitions from highly c.'tciled slates. Many 
of these 'iioi” baPiiis differ only slightly from each ,)ther 
in frc()uency. Conse(|uenlly, there is a great deal of 
overlapping among litem, ami this tends to till in the 
gaps in the spectrum, making it approximate a uniform 
function. The multiplicity of spectral lines at high 
lemperaiures produces i -iniaiion e(|iiivalcnt lo 
jjressure broadening. In which liie spectrum is smeared 
out lo a virtual continuum, in a limiletl spectral range. 
The case of the (’()., bands in the region is 

unusually favorable in this respect. .Measurements by 
.Veiil" liave shown dial the ('(); absorption measurerl 
with a continuous radiator as background source <l<jes 
“ H. W. .Neill, J. Opt. Soc. Am. (9, ,i().S (1",S9). 
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not differ measurably from the absorption measured 
with a hot-gas source having the same spectrum as the 
absorbing sample. The effect of the slit function Im-s 
been neglected in this paper. Dr. H. J, Uabrov''' of 
tliis laboratory has recently shown explicitly that this 
is justifiable, even if p(A,X') is strongly asymmetric. 

m. SUMMARY OF COi EMISSIVITIES 

This section summarizes some emissivity measure¬ 
ments in the 4.3-/u band, and their application to 
calculating absolute radiant intensities of hot gases 
and flames. In all measurements, the geometrical path 
s was 12.7 cm. The range of temperature T was 3()0®K 
to 1273®K, the range of COj partial pressure p was 50~ 
700 mm Hg, the optical depth ps (partial pressure 
Xpath) ranged from 0.84 to 11.7 cm atm, and the total 
pressure range was 50-700 mm Hg. The total pressure 
was adjusted by adding nitrogen to the COj samples. 

Figure 1 shows the emissivity of COi in the 4.3 -m 
region at 1273“K, for ps equal to 0.84 and 11.69 
cm atm, and total pressure 50 and 700 mm Hg. In this 
case, there is an apparent pressure effect. This effect 
virtually disappears between 100 mm and 200 mm 
pressure, at wavelengths longer than 4.26 -ai, as shown 
in Fig. 2. 

The variation of emissivity with temperature is 
nonuniform with respect to wavelength. Figure 3 
illustrates this for selected frequencies in the 4.3-p 
band. The interpretation of this temperature depend¬ 
ence is discussed in Sec. VI. 

The molecular density, as well as" the temperature, 
varies along the curves shown in Fig. 3. Hence, these 
curves do not exhibit merely a temperature effect. This 
is a result of the general practice, followed here, of 



I'lO. 2. Effect of pressure on the spectral emissivity of carbon 
dioxide at 1273°K; the 4.3-m region. 


'»H. J. Babrov, J. Opt. Soc. .\m. SI, 171 (1961). 




Kio. 3. S|>vctrai emissivity of carlion dioxide as a function of 
temperature, at several frcriucncics in the 4.3-m band. Concen¬ 
trations 0..S and 3.0 cm atm, at a total pressure of 200 mm Hg. 


exprc.ssing concentrations in terms of partial pressure, 
rather than in terms of radiating particle density. At 
constant temperature, the distinction is unimportant, 
because the two quantities are proportional, but at 
different temperatures the .same partial pressure corre¬ 
sponds to different absorber densities. The dotted curx’e 
in Fig. 3 shows the variation of spectral emissivity at 
one freriuency when the density is kept constant at its 
value for 1273®K. The values of e\{T) for this plot were 
computed from Ihe 1273“1C data, assuming that Beer’.s 
law and the ideal gas law were applicable. 

The absolute .spectral radiance of hot COj, for a 
combination of variables within the ranges shown in the 
preceding curves, may be computed by multiplying the 
emissivity by the value of the Planck function for the 
corre.sponding temperature and wavelength. 

The relative effects of temperature and concentration 
upon COa emis.sion are illustrated by Figs. 4 and 5. 
Emissivity data are given in Fig. 4 for the long- 
wavelength portion of the 4.3-^ band of COj at two 
temperatures and two concentrations. From 4.35- 
4,45 m the effects of changing concentration and 
changing temperature are moderate. .At longer wave¬ 
lengths the effect of temperature is much greater. 
When the emissivity data of Fig. 4 are applied to 
calculating spectral radiance, by means of Ftp (1) or 
(2), wc get a somewhat different picture, as can be seen 
in Fig. 5. The effect of changing concentration on 
spectral radiance is hardly appreciable, compared to 
the temperature effect. 

Figure 6 shows the effect of temperature in shifting 
the COj spectrum. The 1273 and 673°K curves at 200 
and 700 mm agree within experimental error; the 
precision of these measurements is not high. 
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l‘'io. 4. Spectral cmis* 
siviiv of carbon (lio.\ide in 
the i.i-n region, illustrating 
the relative effects of tem¬ 
perature and concentration. 


Emissivily data of the type given in this paper can be 
used to calculate the absolute radiance of portions of 
the, 4.3 -m band of COj of variant width. A summary of 
emissivily integrals and radiant power integrals is 
given in Table I for 305 and 1273''K. The integrals in 
Table I were evaluated by measuring the areas under 
spectral emissivity plots by means of a planiineter. 


The last column of Table I gives the percentage devia¬ 
tion of the appro-ximate radiant power integral [Eq. 
(2)3 from the c.xact value []Eq. (1)]. For most appli¬ 
cations, the approximation is sufficiently accurate. The 
approximation is not usuuble for very low emissivities, 
because there the relative experimental error is too 
large. The approximation seems to be somewhat better 



I'lo. .S. Spectral radiance of 
carbon dioxide in the 4.3-m region, 
illustrating the relative effects of 
temperature, and concentration. 
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Fio. 6. Pressure and tem* 
perature effects on the 
upectral emissivity o( car* 
bon dioxide. 


4.7 4.6 4.5 4.4 



for narrower spectral regions. This is illustrated by 
comparison of parts (A) and (B) of Table I. The 
relative uncertainties of these results are estimated to 
be within ±5-10%. Additional data are given the work 
cited in footnote 5. Many deficiencies still exist in the 
data, and will require additional workHo clear up. 


IV. EMISSION SPECTRA OF HEATED CO| 

In regions of the spectrum where the emissivities are 
very small, it is difficult to measure them accurately. 
In such cases, it is preferable to determine the absolute 
emission of the hot gas by comparison to blackbody 
radiation at the same temperature. 


Fio. 7. Correction of gas emis¬ 
sion spectra for window radiation. 



2400 2300 2200 
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Taulb I. Cmiuivity and radiant power integrals of carbon dioxide in the 4 .J-m region. 








feJdX 

JkJ'tdX 


r"'K 


^(atm) /ij(cm atm) />i(ntm) 

J'edii 

watt/cm* 

wntt/cm' 

% Dlff. 

(A) Integrated 

over the full spectral range of appreciable absorption 





305 

4.165-4.490 

0.07 

0.8 

0.07 

0.0973 

0.43X10-* 

0,4<)X10-' 

-1-7,0 

305 

4.165-4.490 

0.07 

0.8 

0.92 

0.1682 

0.76X10-* 

0,80X10-* 

-1 5,3 

305 

4.100-4.515 

0.92 

11,7 

0.92 

0.2677 

0,12X10-' 

0,12X10-' 

0 

1273 

4.155-4.650 

0,07 

0.8 

0.07 

0.1812 

0.34 

0.34 

0 

1273 

4.155-4.650 

0.07 

0.8 

0.92 

0.2263 

0.44 

0.42 

-4,5 

1273 

4.155-4.675 

0.92 

11.7 

0.92 

0,4247 

0,79 

0.78 

-1.3 

(B) Integrated over part of the absorptinn region 

305 

4.2-44 

o.(;7 

0.8 

0.07 

0.08<W 

0.40 X10-* 

0,42X10-* 

-fS.O 

305 

4.2-4,4 

0,07 

0.8 

0.92 

0.1522 

0,68X 10-* 

0.71 X10-* 

-1-4.4 

305 

4,2-4.4 

0.91 

11,7 

0.92 

0.1926 

0,88X 10-* 

0.89X10-* 

-fl.l 

1273 

4.2-4.5 

o.or 

0.8 

0.07 

0.1574 

. 0.30 

0.30 

0 

1273 

4.2-4.5 

0.0 f 

0.8 

0.92 

0.19.5.5 

0,38 

0.37 

-2.6 

1273 

4.2-4.5 

0.92 

11.7 

0.92 

0.2876 

0.55 

0.55 

0 


Emission measurements are also of value as a further 
check on the influence of instrument parameters, such 
as spectral slit width. Some measurements of the 
emission of hot-gus samples were made in the present 
work. These measurements proved very diflicult, 
primarily because of the relatively high emissivity of 
the quartz windows in the gas cell. It is possible to make 
corrections for window effects, but in the present case 
the emissivity of the windows is of the same order of 
magnitude as the emissivity of the gas, which makes the 
correction very difficult to accomplish. Tourin and 
Henry* may be consulted for details of the correction 
procedure. 



I 1 ‘ _I_]_L_j-1_i_I_J_L. 

9.4 9.2 9.0 4B 4.6 4.4 
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Fio. 8. Comparison of theoretical and experimental emissivitics 
of COi for x“(5«/2ira)> 1.63. The solid curve is a theoretical 
curve from Plass.'* 


Figure 7 shows an example of heated COj emission 
in the 4.3-/a band, corrected for window absorption and 
emission, ('urves A, H, and C iit Fig. 7 were used to 
calculate curve D, which represents the emission that 
would have been inea.surcd were the windows non¬ 
absorbing. For comparison purposes, curve E was 
calculated from Ec|. (2), using measured emissivitics. 
The agreement between the corrected experimental 
emission and the emission calculated from absorption 
data is apparently good throughout the band. However 
the emission correction is a tedious calculatioit and is 
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ITo. 9. Comparison of theoretical and cx|)i;rimcntal emissivitics 
of COi, for .r“ .yM/2»io)<0.2. Theoretical curve from I’lass.'* 
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Fio. 10. Vibrational level 
populations of COi. 



susceptible to many cumulative errors, so this close 
agreement should not be taken too seriously. 

V. COMPARISON TO THEORY 

Theoretical calculations of COj spectral cmissivitics 
in the 4.3-/i region have been made by Plass.'* Figures 
8 and 9 show comparisons of Plass’ calculations to the 
present measurements. The values of temperature,, 
pressure, and optical depth for the measured spectra 
were not identical with the values used for the calcu¬ 
lations, but were close enough for a reasonable com¬ 
parison to be made. Plass plotted two sets of COj 
emissivities for two extreme cases, a;<0.2 and a>1.63, 
where x=Su/2ira. Here 5 is the total intensity of a rota¬ 
tional line, M the mass of absorbing gas per unit area, 
and a the half-width of a spectrum line. For a;>1.63 

‘•G. N. Plass, J. Opt. Soc. Am. 49, 821 (1959). 


(Fig. 8) the agreement is poor, the measured data being 
about 2) times the calculated values. A similar result 
has been reported by Ferriso.'^ 

In the comparison of Fig. 8, the experimental data 
corresponded to .r=54. This was calculated as follows. 
The value of 5 was interpolated from data of Benedict 
and Plyler,‘‘ ‘he value of u wa.s measured, and a was 
estimated from the work of Kosikowski.'" The calcu¬ 
lated value .t=54 is for the strongest line in the band 
and is believed accurate to within ±25%. .Making 
generous allowance for error and for downward weight¬ 
ing of the average line intensity by weak lines, x is 

*'C. Ferriso, private communication (1959). 

**W, S. Benedict and E. K. PIvler, Xntl. Bur. Standards 
Clrc. No. 523 (1954), p, 57. 

“H. J._ Kostkowski, Progress Report on Contract Nonr. 
248(01), The Johns Hopkins University, Baltimore, Maryland 
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clearly greater than 1.63, so that it is justihable to make 
the comparison. 

No measurements were taken in which x<0.2. 
Therefore, a direct comparison to Flass’ calculation for 
this case could not be made. However, when the calcu¬ 
lated curve for 1200®K was compared to an experimental 
curve for which *»0.2, the theoretical and experimental 
curves were very close together. In Fig, 9 the value of x 
corresponding to the experimental curve was *=8.3, 
calculated in the same manner as the preceding case. 
Again allowing for error and for the variation of 
intensity from line to line, the experimental value of x 
clearly does not fall in the range *<0.2; hence, the 
correspondence between the theoretical and experi¬ 
mental curves is anomalous. 

VI. DISCUSSION 

The distribution of molecular population over the 
vibrational energy states appears to be a major factor 
in the temperature dependence of CO, emission near 
4.3 ft. Figure 10 shows plots of relative population of 
the CO, levels appreciably populated at 1273®K. In 
calculating the levels and populations for Fig. 10, the 
effects of higher-order accidental degeneracy, of the 
Fermi resonance type, have been taken into account. 
These effects cannot be neglected, particularly when 
considering radiation in the wings of the band. The 
dependence of vibrational population on temperature 
shown in Fig. 10 can be roughly correlated with the 
observed temperature dependence of Fig. 3. 

The relatively minor role of variation in rotational- 


Tadle II. Some CO, transitions giving bands 
in the 4.3-11 region. 


Lower 

state 

Upper 

slate 


Lower-sUte population 
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300’K, 

1273'K 

P 

*>0 
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00»1 

0.920 

0.211 

1 

2349 cm-' 

Ol'O 

Ol'l 

0,074 

0.199 

1 

2337 

02*0 

02* 1 

0.003 

0.094 

1 

2324 

03*0 

03»1 

<0.001 

0,044 

1 

2320 

04H) 

04* 1 

<0.001 

0,021 

1 

2304 

00“1 

00»2 

«0.001 

0.015 

2 

2323 

00»2 

00»3 

«0.001 

0.001 

3 

2301 


level population is illustrated by Fig. 11. At high 
temperatures, the rotational population factor does 
not vary much, over a wide range of J. At 1273'’K the 
population values fall in the range 1-3J% for J from 
y= 15 to J=75, In addition, the fall in population at 
high / is counterbalanced by the increase in transition 
probability, which is proportional to J and v. 

Table II shows a few of the many transitions giving 
rise to absorption bands in the 4.3 -m region, .^t room 
temperature, the transition from the ground state is 
predominant, although there is an appreciable contri¬ 
bution from the transition Ol'O—Ol'l. At higher 
temperatures, no single transition is predominant. 
Since each band has a rotational structure, and these 
overlap, the high-temperature spectrum is a virtual 
continuum.'* The overlapping of multiple bands has 
the same effect on the spectrum as pressure broadening 
for a room temperature, even though the line widths 
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are actually of the order of 0.1 cm"', while the line 
spacing in a single band is about 0.8 cm 
The relative transition probabilities, in the harmonic 
oscillator approximation, are” 


P =-, (A) 

r/'W'-'W'! 


" W. S. Benedict, Natl. Bur. Standards Kept. No. 1123 (1951), 
p. 49. 


where il = 2 for COj. For bands in the 4..1-a region 
Af3=l, while At'i = ,3i'3=0, so Kti. (6) reduces to 
P=>'s+1. \‘alues of P are listed in Table II. 
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Spectral Emissivities of Hot CO^H.O Mixtures 
in the 2.7-y Region* 

II. I'ltl'HIN 

ih( ir«4fu»r .S'w'iltrv f Diyi.tuni, 
iK«‘ o*Iv 4*»I .laiiimry JO. 

T his laboratory has been eiiKaRcd in nieasuriiit? infrared hut CO.; are I'avnralile eases I'nr Heer's law, beeause they show 

spectral emissivities o( hot Rases.''^ In this work, ends- continuous absorption even iiniler hlch resolution, ilue to over- 

sivitics have been determined from infrared absorption s|a-etra lappinu of "hot’’ bamls.'^ ‘ The T7 a H.-O Ininds do not appear 

of gas samples heated untler controlled conditions. Ibir a ttas in favorable for Heer's law; only a lew "hot" bands oe'eur, and the 

thermal etiuilibrium, spectral emissivity and spectral absorptivity line spacinu is substanlially greater than the linewidths. 
arc equal at every wavelennih (Kire'hhoiTs lawi. l-hnissivities can Df particular interest is the reirion i (i.S-.t ft, where the lid) 
ihcrcfure be read directly from the measured alisorplion stiectrum. fuinlainentals ki ami ci overlap the t.'O; eonibinalion banris 

This method of mcaaurinit cmissiviliesisusuallymoreaccurateand ami (erl-n'i. Absorption spectra of COrlljO mixtures 

convenient than the alternative I'.rocedure of coinparinc Kas were measured in the reeion, to iletermiiie whether 

emission to blackhoily emission. It is desired to e.xtrapidate from emissivities of IljO atul CO; measured separately could be cotn- 

these laboratory measurements, to predict spectral emissivities of bined by means of Heer's law to nive the emissivity of a mi.vture 

hot gases in various cases of pr.tctical interest. The sim|>lest of these gases. Spectra were measured with a prism speclromeier, 

extrapolation formula is Heer’s law. Heer's Law afiplies to spectral using a spectral slit of about 11 cm '. The gas mi.xturcs were 

regions of rinitc width, if the observed spectrum is continuous over maintained at 1275°K in a heated riuartz gas cell. Mixture ratios 

the experimental spectral slit width. The 4.3-g and 2.7 'm hands of used corresponded to tlO^and lldlconecntruliunsitt a propane-air 
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IliinK'; iiptinil ik-pths riinKcil I'rnin I.(i7 In -I.IH iin nf II^O, 
an<l I.fi7 111 10.0 i-m-iiim iif COi, al 127.1"^. Varyiiii; ilic pressure 
from 350 mm to 7(X) mm lie, liy aildintj nitromii, ilid not rhance 
the measured nhsoiption. Tlic emissivity r nf I’ach mixture was 
calculated from Hcor's law, which yields the e.xplicii formula 

«(mi.\ture) -ctCOd+riHitJ) - rifOdfilliO). U; 

Measured emissivities of COg and MgO, correspondiiut to stoichi¬ 
ometric concentrations of C(h and IlgO in a propane-air llame, 
are shown in KiR. 1. The HgO emissivities are numerically valid 
as avcraRCS over spectral regions wide enoueh to include many 
unresolved rotational lines; this restriction d<K's not a{)ply to fOj, 
since its spectrum in this case is elTcctivcly continuous. Curve .\ 
of Fid. 2 is a plot of the measured spectral emissivities of n syn¬ 
thetic stoichiometric mixture of heated CDj and UgO, and of the 
spectral emissivities of the same mixture calculated hy K(|. it' 
from the separate COg and HgU emissivities of Mr. 1. There arc- 
no mcosuralile differences lietween the calculated and e.\|)erinttnial 
values of the mixture emissivities within the experimental error, 
which is ± I'.'J). Curve H in Fin. 2 shows the measured emissivity 
of a stoichiometric propane-air llame, of uppro.ximately the same- 


optical di'inli as the synthetic nii.xturc. 'I'lie comparisnii to the 
llame emissivity is i|ualitalive, hecause tite llame temperature 
(altout 2(X)0"Ki is hijjhcr than that of the Kas mixture, and ilte 
llame is inliomoReiieous. 

On ciimpariiiR I he eiirves iri Mr. 2 lo the 11 .-O curve of I'iR. 1, it is 
eviilent iliat Ihc iiasic M■;0 structure is prescrveil ihrouRhout; 
only the relative shape of the spectral emissivity curve is chaiiRed 
iiy the aildition oi C()j and liy chaiiRint: the lemperattire. 'I'lie 
auinerieal values of the mixture emissivities are valid as averaRes 
over reasonalily lirixid spectral refdons, as in tile case of pure 
I(.;(); no aildilional restrictions arc introiluccd liy the calculation 
procedure descrilied here. 

This example is typical of emissivities of hot HjO-t’Og mixtures. 
In the mixture spectra, the Ct^g spectrum liehavcs like a true 
continuum. I'liis should hold also for mixtures of COg with other 
Rasc-s lhan HgO. 

• ill {.art hy (Vi'oitliyjiiL’s KcsiMfcIi l)irtM!t«jrali‘. linlford, 

' K. II. T>iiirin, .1 (‘hi’in. PIu'k. 20. Natl. Un'-'. Staialarth 

C:rr. Nn. 52.3. H7 WiS4). 

‘ k. II. lourin. .1. Sm- \;n. SI. 17.^ (!'>fil). 

• k. II. Ttiiirin. Itnriirfii i'Avu'ti i|o Iv imbliuhnl). 

• II. W. Ni-iJl. j. Opt. .NH-. .\in. 40. .SIW(A) 

*W. S. IkMiiMlict (ji/ivaie con.imimcatHiii. IVftO). 












